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ABSTRACT 

This report provides an overview of research conducted at Rocky Flats Plant (RFP) 

dealing with the resuspension of soil particles from plutonium (Pu) contaminated soil in the 903 

pad field. The following resuspension processes were considered - saltation (wind erosion of 

bare soil), wind resuspension of particles from grass blades, rain splash, mechanical disturbances 

and grass fires. Wind resuspension from bare soil seems to be minimal, while resuspension from 

grass appears to be the dominant process. Rain splash is also a significant resuspension process. 

Over 90% of the Pu is associated with soil particles larger than 3 pm. The airborne activity is 

roughly proportional to the mass of particles collected. Resuspension of respirable particles from 

the field is very limited (Le., the concentration is near fallout levels). Transport of the Pu extends 

to about 1.5 km from the pad. The release of Pu is parameterized by a resuspension factor of 

5 ~ 1 0 - l ~  m-l and a resuspension rate of 2x10-12 sec-1. The total resuspension, which is very 

low, is estimated at 200 pCi/yr. For a typical respirabIe particle concentration of 10 aCi Pu- 

239/m3 near the pad field, the Pu collected is equivalent to one, 1 pm Pu particle per month, 

when sampling at a rate of 1.1 m3/min. 
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INTRODUCTION 

The public is concerned about the health hazard of the Rocky Flats Plant (RFP) 903 area 

pad field soil, which contains plutonium (Pu) particles. The concern is recognized by RFP, which 

has been monitoring this area, since the first waste cutting oil drum leaks were discovered some 

30 years ago. The oil contained e3 pm Pu particles. ,me drums were removed by 1969 and 

contaminated soil was removed and the area was stabilized with an asphalt pad.. .During this 

period and continuing today, the air at the pad field and in the Denver area is continuously ! 

monitored for airborne Pu/soil particles. (In the discussions that follow, it is understood that the 

Pu is attached to soil host particles.) 

At no time, since rhe 1971 completion of the drum storage clean-up, has the Pu 

concentration exceeded the DOE "Derived Concentration Guide" of 20 fCi/m3, even in the 
' I /  --is(& 

source area. As a matter of fact, the concentration of respirable Pu particles, which present the 

health hazard in the air that has passed over the pad field, is near background levels found in the 

Front Range area of Colorado. Considering all pathways of Pu intake, and even if the doses are 

considered additive, the population exposure is we11 below EPA guidelines (EP78p22 1)*. Stated 

in another way, the alpha radiation dose to the population from the RFP Pu is insignificant 

compared to the naturally occumng radon. The average activity concentration of airborne Pu at 

the plant boundary is 0.05 fCi/m3 vs. an average radon concentration of 110,000 fCi/m3 in the 

US (NC87p12)! The Denver area radon concentration is about twice the US average. 

Nevertheless, the 903 pad is scheduled for investigation and remediation in the future, even 

though the alpha activity in the pad field soils are much less than the radioactivity found in 

radium taiIings in downtown Denver or those in uranium mine tailings in Grand Junction. The 

activity from RFP Pu in environmental waste amounts to a few curies, while mine tailings 

activity amounts to a few thousand curies in the middle of town (KA84p130). In the city of 

* The last part of the iitcrature citation, following the "p". indicates the page number at which the information will 
be found. 
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Grand Junction the radon activity is about 10 times higher than normal due 10 the uranium mine 

tailings (KA84p 132). 

A synopsis is provided of RFP research on the resuspension of Pu particles from the pad 

field. This includes delineation and activity of the source area, consideration of all feasible 

processes of resuspension and the subsequent transport of the airborne panicles, including their 

size and activity. This work has been time consuming and has proved inconclusive at times, 

because of the low Pu activity involved. 

SOURCE AREA AND SOURCE ACTIVITY 

The area where the drums had historically been stored, now known as the 903 pad field 

(see Fig. I), was covered with gravel and asphalt to immobilize the Pu contaminated soil 

particles. However, during site preparation for the asphalting, occasional high winds swept 

across the uncovered area. Some dust was generated and it generally settled a short distance to 

the east toward the security fence. This adjacent area was covered with off-site top soil and 

vegetation was re-established to control resuspension of the Pu particles. The fugitive Pu 

particles were mixed into approximately 20 cm of new top soil. This makes some Pu available 

for resuspension. Therefore, the area has restricted access and the air is continuously monitored 

in the vicinity. 

It should be noted that both mine tailings from radium extraction, as found in Denver, and 

mine tailings used in Grand Junction for home construction, pose greater health hazards. These 

tailings release radon - _  gas, which is difficult to immobilize, and the radon decay products become 

attached to respirable dust particles. The RFP Pu particles are relatively immobile and require 

mechanical force to become airborne, which by the nature of the process results mostly in 

particles too large to be inhaled (HA80ap216). That is, once the small (<3 um) Pu particles are 

immobilized by attachment to soil particle aggregates, it is very difficult to separate the particles 

again, because one has to overcome the interatomic surface forces. 

Fig. 1 also shows the distribution of Pu in soil at and near the planr determined by the 

AEC Health and Safety Laboratory (HASL) (RF3115p14). The amount of Pu that leaked from 
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the drums was estimated 

pad. A detailed ground 

as 6.1 Ci or 86 g (SE71p6). Nearly four Ci are now under the asphalt 

gamma survey (RF3689p18) for the Am-241 associated with the Pu 

indicate that approximately 1.2 Ci of Pu exists in the pad field area west of the perimeter fence. 

This survey was made after the 1978 "lip area" soil removal of an estimated 0.5 Ci Pu-239. 

Another 0.67 Ci exists on the other side of the fence in a small, localized area above the gunnery 

range. Fig. 2 gives the details of the survey. These regions of high Pu concentrations are 

considered the source area for chronic release of Pu from RFP and this soil is likely for future 

removal once an acceptable regulatory framework has been worked out. 

! 

Krey (KR76p214) has estimated, based on limited samples, that in addition to the Pu in 

the pad area there is another 3.4 Ci spread out over a wide region. In that case, based on a 

material balance, more than 9 Ci Pu-239 should have leaked from the drums, instead of the 6.1 

Ci mentioned above. Alternatively, it has been suggested that some of this Pu may be traced to 

the 1957 and 1969 frres. This region, with near fallout Pu levels, extends east and southeast from 

the security fence toward the cities of Thornton and Denver. Once past Indiana Street, the 

eastern boundary of the plant, only a few % of the Pu is of RFP origin (Le., the rest is from 

fallout). The RFP contribution in the region immediately east of Indiana Street is approximately 

0.1 Ci. 

An isotopic ratio (Pu24O/Pu239) analysis was used by Krey to distinguish the RFP 

contribution from atmospheric fallout. Krey presumed that the Pu in this outlying region was 

due to smoke deposition from the two "Pu fires" at the plant. The fires principally involved 

contaminated non-Pu components, such as plastic, rubber, wastes and solvents. It should be kept 

in  mind that the lee of the Rocky Mountains is a region of high fallout, n.hich could include 

unaltered RFP Pu from the Nevada Test Site safety shots (HA80bp66). These shots release Pu 

particles due to the explosion of the chemical explosives in the weapon lvithout fission taking 

place. 
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FIGURE 2A. Gamma Survey of West Side of Pad Field 
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FIGURE 2B. Gamma Survey of East Side of Pad Field 
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Of interest are also the periodic gamma surveys of the plant and surrounding land by 

helicopter (B082). Fig. 3 presents the 1981 survey contours for Am-241. The 1989 aerial survey 

data has not yet been published, but some of the initial results are of interest. 

The sensitivity of the instrumentation was improved, making it possible to detect Am-241 

beyond the cattle fence (i.e., to the 250 m C i 2  contour shown in Fig. 1). Also, the survey was 

extended beyond the confines of the buffer zone to obtain a broader picture of background 

activity. As far as total activity is concerned, which includes natural radioactivity sources, the 

highest level was found in the Jefferson County airport area and the hottest spot was an old mine 

shaft near Leyden, not RFP. To detect the above background activity at RFP, the survey has to 

be specific for Am-241, because the natural g radioactivity is too high for any EUT conmbution 

to be seen. 

The airborne surveys show that Pu activity has not migrated significantly beyond the 

original source area after the 1969 closure/stabilization of the 903 drum storage area. 

PHYSICS OF SOIL RESUSPENSION 

The potential for chronic release of airborne Pu particles from RFP is limited mostly to 

soil resuspension from the pad area, except the very low level Pu release from the plant's filtered 

production building air effluents from the plant. We know from air monitoring that Pu particles 

do become airborne, but the physics of the process needs to be understood for dispersion 

modeling and remedial action purposes. Soil particles are traditionally thought to be 

resuspended by wind forces acting on bare soil surfaces, but such studies have been limited to 

plowed fields and desert areas. The pad field has only small bare soil areas between the clumps 

of bunch grass, but the original premise was that the Pu particles originate from the bare soil 

between the clumps of ,grass. 

Saltation 

Initial resuspension studies were directed at the classical resuspension process of saltation 

(HA80ap213). That is, the wind propels millimeter sized particles, that protrude beyond the 

millimeter or so thick boundary layer (the immobile or stagnant air layer next to the surface), in  a 
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series of small hops. On impact these large particles knock loose smaller particles, similar to 

sand blasting. The smaller particles then become entrained into the main air streams by 

turbulence to heights over 6 m in a distance of less than 30 m (HA80ap222). 

It remained for RFP to demonstrate if saltation could occur from small bare areas, 

because this has received little attention from soil scientists. Direct visual observations initially 

indicated, that even during wind storms reaching over 100 mph, no visible quantities of dust 

were released (i.e., puffs of dust from bare areas). Operation of a modified Bagnold Catcher for ! 

several week long runs, including windstorms, provided no weighable dust fractions. The 

Bagnold Catcher (GI74) is the classical device for measuring wind erosion of soil. Nevertheless, 

more sensitive techniques were developed to verify if saltation processes on a small scale may 

occur. 

One technique developed by RFP was the application of a ribbon like laser beam, grazing 

the soil surface, to detect impacting large particles and bursts of numerous small particles 

(RF3197p8). This was done at night using time exposures photography. No particles were 

observed until winds exceeded 35 mph, but even then resuspension was tenuous and no clear 

evidence for saltation was found by this approach (RF3325p3). 

The second methodology, shown in Fig.4, involved placing an acoustic particle detector 

underground, facing a 2.5 cm opening in a bare soil surface area (RF3 115p 1 1). There was no net 

airflow into the opening, but the objective was to detect particles over 50 pm aerodynamic 

equivalent diameter (AJZD) that were resuspended by the wind and then fell back to the ground. 

That is, as the parricles fell back some dropped into the intake of the acoustic particle counter. 

This system could operate unattended for several days. Again, no convincing case could be 

made for saltation, even in high winds (RF3115p13,W3197p7). Evidently, the soil is too crusty 

for wind erosion (HA80ap224), except for a few small areas (RF3115pll). .Also, the small, bare 

areas are too deep in the gass canopy to experience the full force of the wind. Only deliberate 

disturbance of the ground (Le., with a stick) was observed to release short bursts of particles. 
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The above results may seem to contradict a study by Sehmel, who developed a Pu 

resuspension model for the pad field based on the saltation process (SE72). However, this model 

was based on data coIlected by RFP from July 1970 through January 1971. In March 1970 the 

pad field was disturbed by a major ditch consmction project near the west side of the fence. It 

took nine months for the effect of this operation to disappear (Le., for the surface Pu to weather 

in again and for introduced grasses to grow). 

Next, we carried out resuspension studies under controlled conditions using the small 

wind tunnel shown in Fig. 5 (RF3197p5). The idea was to look at resuspension from bare spots, 

as well as from grassy areas. Testing of bare spots showed very little release until extreme 

velocities &e., equivalent to 150 mph at 10 m) were applied or the soiI had previously been 

disturbed. But even the latter, "fresh" surface, was quickly exhausted of particles (RF3689p36). 

However, this windtunnel proved to be a useful approach to soil Surface sampling for Pu particles 

and was extensively used for this purpose (RF3689p23). 

'! 

The windtunnel was also operated on patches of grass, although it was not designed for 

this purpose. That is, the wind tunnel test section height was less than the height of the grass. 

For proper testing of grass covered areas a considerably larger wind tunnel is required, such as 

the device of Gillette (GI78). Nevertheless, even at low velocities (Le., wind speeds equivalent 

to 20 mph at 10 m), small but significant amounts of Pu were resuspended. This was considered 

important, since most of the ground is grass covered. Much of the resuspended material was 

over 10 pm AED and was organic (i.e. grass litter), as shown by ashing the samples. The 

organic content was about 40% on the averaze (RF4036p3-3). 

Resuspension from Grass Blades 

As a result of the above wind tunnel studies, attention was now focused on the details of 

resuspension from grass covered areas. We wanted to know the origin of the Pu resuspended 

from agrassy areas. Does the Pu reside on the grass blades and some becomes resuspended or 

does Pu originate from the grass litter on the soil surface, i.e., the grass decays and then Pu is 
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FIGURE 5. Portable Wind Tunnel for Resuspendible Dust 
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resuspended as part of decomposed grass particulates. Obviously, both processses could be 

taking place. 

First, we verified quantitatively that Pu does reside on grass and grass litter. This was 

done by clippping the grass at successive lower levels to show the Pu distribution versus height 

(RF3914p6). The Pu concentration in the litter was also measured. Activity was distributed 

fairly uniformly vs. heizht for a total of 1.1~104 pCi from a square meter of grass grown on soil 

with an activity of 2200 pCi Pu-239/gm. The litter held 510 pCi Pu-239/gm. Therefore, grass ! 

blades must be considered a major source of Pu particles for resuspension and not just the litter at 

the base of the sass.  It should be noted that the litter is not readily accessible for resuspension 

because it shielded from wind by the grass. 

The question of how the Pu becomes attached to the grass is of interest. Plant uptake of 

Pu is not a factor (AR82p33). This leaves wind driven soil particles from bare soil areas and rain 

splash as the source of Pu. The latter process is well documented for transferring Pu to 

vegetation to heights up to 30 cm (DR84p183). We did not attempt to establish the importance 

of each of these processes. Finally, the growth process of the grass was considered as a means of 

transferring Pu to the blades. But the grass blades start from the stem of the plant after it nses 

out of the ground. 

Information was now required on the capacity of grass blades to hold soil particles and on 

potential Pu resuspension mechanisms from the ,grass. Therefore, we studied the surface of grass 

blades with scanning eiectron microscopy. Interestingly, most grass bIades have their surface 

covered with fine hairs, that act like a filter matrix that intercepts considerable amounts of dust 

(RF4036p15). Gutfinger (GU85p3) reports that fibrous elements extending from a surface into 

the viscous boundary layer enhance deposition by a factor of 10 to 1000. Conversely, dust 

particles should be released when the grass hairs decay and fall off and by flexing of the blades 

due to wind. Such behavior was verified with wind tunnel tests described below. 

In a small laboratory wind tunnel (RF4036p23) samples of grass were placed in the test 

section and exposed to equivalent 10 m wind speeds of 5 to 20 mph. From a 5 cm long blade 
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about 200 particles were released in the 0.2 to 12 pm range as verified with an optical particle 

counter and membrane filter samples. Most pertinent were tests where the blades were 

mechanically flexed. Here, the release of particles > lo  pm was dominant, with a median 

diameter of 20 pm and a maximum of 40 p. 

To verify this conclusion, a simple test with the soil resuspension wind tunnel was made 

in the summer with the ground soaked with water but the grass dry (RF3914p8). The object was 

to show how much Pu is resuspended from the grass blades alone. The blades are much more : 

exposed to the wind than the ground. The resuspension rate was about 1/60th of that for a 

similar dry area at a windspeed equivalent to 80 mph at 10m. At 20 mph it was 1/40th less than 

at 80 mph. But these resuspension rates could still account for most of the activity observed by 

the air samplers, since 95% of the field is covered with grass. This data has to be interpreted 

with some caution, because, as pointed out above, the wind tunnel was not of an optimal design 

for studying resuspension from grass. 

This test confirmed that release of radioactivity from grass blades alone is very important, 

if not dominant. Additional radioactivity exists on the dead grass litter on the ,ground between 

the standing grass, but this material is not readily available for resuspension because it is 

protected from the wind by the stand of ,gass. 

Rain Splash 

We still needed an explanation for Pu resuspension when the soil was completely 

saturated during long period of rainfall as encountered in the spring (RF3914p9). For this 

limited test series the Pu concentration during rainfall did not differ significantly from that 

during dry periods. Rain splash was therefore studied as a means of releasing Pu particles into 

the air. First, a laboratory wind tunnel was set-up to simulate raindrops splashing on soil under 

controlled conditions. Provision was made to count resuspended soil particles (if any became 

airborne) with respect to concentration and size utilizing an optical particle counter. This 

experiment showed that soil particles do become aerosolized by rain splash, if a thin water laver 

E& on the soil surface (RF4036p30). 

' 
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Evidently, these airborne soil 

evaporation of the hundreds of small 

particles are the residual particles that remain upon the 

satellite droplets, that form along with big splash drops 

(GR73p57). The satellite droplets apparently are small enough to be carried by airflow. 

The resuspension process was also confirmed in the field. A small plastic tent was built 

over a patch of Pu contaminated bare soil. The tent was necessary to prevent airborne Pu 

particles from drifting into the test area from the surroundings. Nuclear track foils were placed 

on the resuspended residue particles collected from the splashes to verify the presence of Pu 

particles. The tests showed that soil particles containing Pu did become airborne due to drop 

impact (RF4036p30). A thousand 5 mm rain drops resuspended 5 pCi into the air from soil with 

an activity concentration of 2500 pCi/g. About 500 million raindrops may fall on an area of one 

square meter annually. To complete this analysis, the washout (GR73p121) of resuspended soil 

particles by rain drops should be accounted for in a real situation. The washout effect was not 

present in the above single drop experiment 

! 

Grass Fires 

Another potential source of resuspended particles is the ash from grass fires. So far no 

fires have taken place in the pad field, but we made tests to simulate such an occurrence. Fire 

was set in a windtunnel to the grass collected from a one square meter area of soil, where the 

” crass had an activity of 8.1 pCi Pu-239/gO. The smoke had a total activity of 34 pCi Pu-239 

(LA86p91). However, placed in perspective, the resuspension of Pu in the smoke was of such 

magnitude, that if the whole pad field (roughly 0.02 km2) had burned, a person would have to 

inhale all the smoke to intake the equivalent of an allowable life-time body burden (about 40 nCi 

Pu). 

Mechanical Disturbances 

Mechanical disturbances were also studied as a potentially important resuspension 

mechanism. This includes such activities as mowing, well drilling, digging and soil removal. 

Mowing was considered a major interest, since it takes place every year and covers the whole 

area. Also, i t  involves disturbance of the ,grass and soil. While research sampling took place in 



the pad field east of the fence, the grass was cut during dry conditions, which should maximize 

resuspension. At times the tractor would be right next to an air sampler. A statistically 

significant increase by a factor of 5 in the total Pu concentration was discerned during such a 

period in June 1981 (RF3464p4). But no change was found during a similar period in 1983 at 

the same location (LA86p90). Again, high variability in Pu concentrations makes it difficult to 

establish trends, unless many samples are taken. In June-July 1987 wells were drilled in the pad 

field and the nearby sumeillance air samplers showed an increase by a factor of about 3 in Pu : 

activity, but such increases are often seen during the dry summer months. 

Resuspension of dust, containing Pu, from the two unpaved roads intersecting the pad 

field was considered. It is evident from the color and quantity of the dust collected by the 

samplers along the road, that much of the dust collected is resuspended from the road. A 1973 

study (MI73) showed that road dust activity averaged 68 pCi/gm and remedial action was 

initiated (i.e., oiling, grading, etc). In 1980 another road dust evaluation was carried out. As  a 

first step the Pu activity of the road surface soil was determined (RF3689p18). The Pu surface 

soil activity was surprisingly low (Le., 4.6 pCi Pu-239/g) versus adjacent soils of 790 pCi Pu- 

239/g monitored a foot from the road. However, one has to consider that since 1973 the road 

was often graded and ballast added. It had been expected, that the adjacent soil would provide a 

source of Pu for easy resuspension by naffic. 

A truck was again driven along the road to complete the comparison with the 1973 test 

and to sample a larger area than that covered by a few soil samples. The dust generated right 

behind a rear wheel was sampled with a hivol. The road dust was very low in activity (Le., 6.0 

pCi Pu-239/,0 versus 1000 and 2000 pCi Pu-239/g for two adjacent soil areas). It was concluded 

that the roads are no longer a significant problem. Of considerable interest was the incidental, 

new information, that no measurable amounts of respirable (<3 pm AED) particles are generated 

(RF3287p7). This was also observed durinz a recent dam construction project at RFP. Heavy 

earth moving machinery created no additional respirable dust (RF3 115~6). 
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Such observations indicate that considerable application of force is necessary to create c3  

a m  AED particles. It has been noticed, that the <3 pm AED dust is always black (Le., 

combustion particles generated by vaporization-condensation by vehicles, furnaces and other 

industrial activity). This is in line with our wind tunnel results, that soil resuspended from the 

pad field is very low in fines (RF3689p35) and many of the fine particles at RFP are from 

Denver pollution (RF3990p3 1). 

DISPERSION OF Pu PARTICLES FROM RFP 1 

Combining the above processes into a coherent, predictive Pu transport model is 

obviously beset with problems, especially with the resuspension from the 903 pad field being 

relatively low and of varying nature (wind, rain splash and release from grass). Data from 

previous studies can be used to derive conventional resuspension parameters which are 

commonly used to characterize emission of soil particles containing contaminants (HA80ap210). 

This will be done, but fust additional experiments will be reported that directly measured the 

emission and transport, including vertical distribution of Pu particles, in the air that passes over 

the pad field. 

Measurements of Pad Field Pu Flux to Environment 

Two distinct steps were involved in this study. First, an attempt was made to measure the 

Pu particle flux from the pad field right at the source (i.e., a number of research air samplers 

were deployed at selected points in the pad field to determine the total resuspension of Pu). 

Second, a vertical array of samplers was installed, at some distance from the pad field, to 

measure the Pu particle concentration in the air that passed over the pad field. 

a. Determination of Pu Flux from Source Area 

For the first step, four research hivois were installed toward the perimeter areas of the pad 

field and an ultravol was installed near the center of the field to determine how much Pu is being 

released to the environment. The ultravol, operating at 260 scfm, was changed weekly or more 

often to provide high resolution Pu concentration data (RF3197p6). This u . 3 ~  used for special 

events such as wind storms, periods of snow or rain only and fallout from nuclear weapons tests 



(RF3464p5). The research hivol samplers provided <3 pm AED, 3-10 pm AED and >10pm 

AED fractions, corresponding to respirable, inhalable, and coarse particle sizes, respectively. 

The 10 pm AED fraction was collected by a cyclone pre-separator, that turned with the wind so 

that the intake always pointed into the wind. The efficiency of this cyclone was evaluated and 

one observation was that the intake efficiency was not sensitive to wind speed (i-e., the particle 

concentration and size distribution was unaffected by wind speed) (RF3464p34). 
\ The results of approximately two years of sampling (RF3464p4, RF3650p 1) indicated 

that each sampler was strongly influenced by resuspension from the immediate area, probably 

within <lo m. This conclusion is supported by the fact that it was not possible to find a 

correlation versus time for the Pu concentrations between the five samplers. This result implies 

that most of the Pu activity is carried by particles well over 10 pm AED, since they would settle 

out due to gravity at near-in distances. Unfortunately, since our primary interest was in health 

effects, our samplers were not set-up to routinely further fractionate the >IO pm AED particles. 

This was done occasionally by wet sieving the >10 pm AED particles into 44 and 74 pm sieve 

cuts. Freon was used for the suspension medium to minimize de-agglomeration (HA80ap219). 

This sieving showed that the Pu distribution is roughly proportional to dust particle mass 

(RF4036p22). More accurately, the specific activity of the Pu in the samples was three times 

higher for the inhalable and coarse fraction than for the respirable fraction. But the specific 

activity for the respirable fraction is small and not as accurately determined. 

With the above Pu concentration data only vaiid for the immediate area around a sampler, 

it was not possible to estimate an overall Pu flux from the pad field.' The dust loadings from all 

the samplers were well correlated in time, but this had no relevance to Pu transport, because most 

of the dust originates from locations beyond the pad field. Above 30 pm AED the panicles were 

presumed to be of local origin and were mostly vegetative litter from qualitative examination. 

* The same was true for the 3 surveillance samplers spaced across the pad field along the fence, i.e., the 
conccnuation data between the three samplers did not correlate in time (RFP3914p4). The data examined was for a 
9 year period. 
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However, in the spring large amounts of pine pollen were blown from the foothills over the p l a t  

and were collected by the air samplers. Pollen is designed by nature to float long distance due to 

small airsacs. Scanning electron microscope photos showed the presence of pollen 

(RF3990p28), which causes a yellow-green discoloration of the coarse particle dust fractions. 

Correlating the Pu data with wind speed and direction proved equally futile. Even the 

operation of some of the samplers in a wind directionally actuated mode provided no finer 

resolution of Pu transport patterns. \ 

The tests did show that the concentration of the respirable Pu fraction, 20 aCi Pu-239/m3, 

is nearly at fallout level of 18 aCi Pu-239/m3 for June 1980 to June 1981 (RF365Op6). The >3 

pm AED particle activity was 710 aCi Pw239/m3. There is little emission of <3 pm AED 

particles from the pad field (RF3464p4). The >3 pm AED fraction carried 98% of the activity 

for the above period. 

b. Dispersion of Pu by Air Passing Over the Pad Field 

The above studies were followed by a sampling program using a tower erected 100 m 

from the eastern edge of the Pu contaminated pad field (RF3914pl6). The objective was to 

follow the transport of Pu from the pad field. The tower had hivol samplers at 1, 3 and 10 m to 

sample the air that had passed over the pad field for Pu particles. The three hivol samplers had 

size selective inlets (SSI) with a 15 pm AED cut foIIowed by 3-15 pm AED cut and a <3 pm 

AED cut. The SSI was evaluated for wind speed (1-10 mph) response by Wedding (WE82) and 

McFarland (MC84) in windtunnels and by RFP during high winds (50-100 mph) in the field 

(RF3914p4). Performance was satisfactory at low speeds, but at the high wind speeds some 

particles were apparently blown through the inlet without being sampled. The particle flux data 

from this tower represents the sum of all resuspension processes active in the source area during 

each two month sample period. This data provides basic information to estimate possible 

population exposure and translocation of the Pu particles from the source area. 

This research program extended from November 1982 thru August 1985, collecting bi- 

monthly samples. Such a long collection period was necessary to collect sufficient Pu in each 
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size fraction for detection. The dust concentration data showed well defined trends with 

sampling height (W4036p21). However, the respirable dust particle concentration (8.0 mg/m3) 

did not change with height, as expected for particles that sediment slowly. The concentration for 

the inhalable and coarse dust particles, ranging from 10 and 25 rng/m3 respectively, dropped off 

with height due to sedimentation. 

The Pu concentrations (RF4036p21) for the d p m  or respirable particles was 8.8 aCi Pu- 

239/m3 and for inhalable (3-15 pm) particles was 25 aCi Pu-239/m3. These concentrations did 

not correlate with height, being only 3 and 10 times greater than background concentration 

respectively. One must keep in mind that the Pu mass for these samples represents about 11’10th 

part per billion. Statistically the data have to be erratic at such extremely low concentrations. 

For a Pu concentration of 10 aCi/m3 (typical of the respirable Pu particle concentration at the 

tower), it would require the collection of just one, 1 pm Pu particle per month by a hivol 

operating at 1.1 m3/min. 

The concentration of 67 aCi Pu-239/m3 in the coarse (>15 pm) particle fraction was 

almost a magnitude higher than that in the respirable fraction. The coarse fraction exhibits a 

significant decrease in activity with height by factor of 3 from 1 to 10 m. 

No correlation was found with wind speed or direction for the Pu or dust concentration. 

This can be expected for the poor time resolution given by two month sample periods necessary 

to collect enough Pu for analysis. 

It is obviously of interest to see how the Pu concentration changes beyond the scaffold. 

So the ultravol sampler was operated in June 1981 at the cattle fence, 0.5 km due east of the 

scaffold. The Pu concentration in the inhalable and coarse range dropped off by a factor of 20, 

approaching background levels (UN81). Therefore, it did not seem worth while to continue this 

operation at such low levels. Evidently, most of the large Pu/soil particles, that carry the bulk of 

the Pu activity, had settled out before reaching the cattle fence in the RFP buffer zone, long 

before reaching populated areas. This observation is directly supported by work of J. Hayden 

(HA75), who measured the size of individual Pu particles found on the soil surface from the pad 
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field to Indiana Street. Beyond the cattle fence he considered the stack effluent to be the primary 

source of the Pu particles. 

c. Comparison of Our Data with Precious Resuspension Studies 

It is of interest to compare the above results to Sehmel's July 1973 Pu resuspension 

experiments at RFP (HA80cp241). Although Sehmel's was a more elaborate Pu flux study than 

the study cited above, it only lasted for one month. Sehmel used three sampling scaffolds, one at 

the fence near the 903 pad, one at the same location as our RFP scaffold and one near the cattle 

fence. 

! 

It is difficult to directly compare Sehmel's data to ours, because our work covered 34 

months to determine statistically significant trends in the Pu concentration at three levels at one 

location. Sehmel's study probed the Pu particle plume at three locations with nearly 40 samplers 

set for specific wind speed ranges as well as continuous operation. However, to reiterate, 

Sehmel's research work was only of one month duration. 

There is also a problem comparing the particle fraction data. To achieve well defined 

particle size fractions, RFP took considerable precautions to coat the collection surfaces with 

adhesive. The object was to stop particle from bouncing through the cascade impactor stages 

onto the back-up filter (RF2866p14, RF3115p4). Sehmel did not use adhesive on his collection 

surfaces. He showed that 60-99% of the Pu was in the respirable range and supposedly of RFP 

origin (HA80cp262). We found that respirable Pu was mostly of fallout origin and it only 

represented 2 and 9% of the total Pu activity, based on our measurements at the tower and pad 

field respectively. Therefore, the Pu size trends are not comparable. 

The drop off in Pu concentration with distance from the pad field fence to the second 

scaffold varied among samplers by a factor of 10 to 1000 in Sehmel's tests (HA80cp251). We do 

not have comparable simultaneous data, because we only had access to five hivol samplers. But 

taking data over the period 1980 to 1985, as our experiments moved east, the average Pu activity 

at 1 m changed from 1900 to 480, to 130 and finally to 50 aCi/m3 moving respectively from the 
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pad field to the east pad fieId, to the scaffold and to the cattle fence. This trend represents a 40 

fold reduction over 1.5 km. 

Sehmel did not report a definitive relationship between wind speed and Pu activity 

(HA80cp244). This is similar to our research experience in this area, 

d. Isotopic Ratio Determination as an Indication of Long Distance Dispersion of RFP Pu. 

As  a final test of whether any RFP Pu particles reach the general population, the isotopic 

ratio of Pu24OPu239 was determined for a series of airborne particulate samples (RF4036p22). 

RFP Pu production metal has a Pu-240/239 ratio of 0.051, while fallout has a ratio of 0.163. 

Airborne dust samples collected at the tower showed a ratio of 0.063 and nearby soil had a ratio 

of 0.054. This small difference was significant, indicating that the airborne dust carried some 

fallout Pu as to be expected. We now need to obtain the isotopic ratios for air samples taken in 

various parts of the Denver region to identify the RFP contribution, if any, from pad field 

resuspension or stack emissions. 

For the latter program we also need to take soil samples at the air sampler sites, since 

most background Pu (fallout Pu) now originates from resuspension of nearby soil particles 

(RF4036p29). Stratospheric influx of Pu is very low at present. Therefore, the isotopic ratio of 

the soil should be known at the air sample sites, to adjust for any RFP Pu already in the soil, in 

addition to the fallout Pu from past nuclear weapons tests. Nearly 20 years ago isotopic ratios 

were determined by Krey (KR76p213) for a limited number of soil samples in the greater Denver 

region to identify RFP Pu. This would also be a chance to determine if any changes occurred in 

these ratios. Krey's data shows that 1-26 of RFP Pu in the environment extends beyond Indiana 

Street. 

e. Resuspension Factors for Pu Release from Pad Field 

The resuspension factor (Rf) estimates the airborne contaminant concentration directly 

above a contaminated area and provides a means to estimate exposure or dose. Rf equals the 

airborne Pu concentration measured directly above a given area divided by the soil surface Pu 

concentration at that location. We have the necessary Pu data to calculate resuspension factors 
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for the 903 pad field. The soil surface Pu concentration can be is derived from the soil density 

and soil activity per unit mass. 

Another resuspension parameter is the resuspension rate (Rr), which is actually of more 

interest, because it allows off-site dose calculations. Rr is the fraction of the total activity in the 

soil released per second. This provides a source term for meteorological calculations to 

determine downwind population exposure. Rf only provides dose or exposure for a person 

! present on the contaminated area, which is somewhat academic for real life situations, because 

plant personnel only spend limited time on or near the pad field. Our Pu flux data makes it 

possible to estimate Rr, but estimates of the Pu particle plume profile have to be made. 

Before proceeding to estimate Rf and Rr, the limitations for applying these factors should 

be understood. Resuspension factors/rates ignore the physical parameters affecting resuspension, 

such as wind speed, vegetative coverage, soil moisture, precipitation and contaminanthost 

particle size. Also, a good knowledge of the Pu surface distribution is assumed, as well as 

airborne concentration over the whole area in question. As Sehmel (HA80cp269) correctly 

points out, realistic prediction of the relationship between surface concentration and airborne 

concentration is fraught with uncertainties. Such data is very site specific and depends on how 

the contaminant found its way into the soil/vegetation and how long the contaminant has 

weathered in. For example, resuspension for the first few weeks, after a tracer was sprayed onto 

cut grass, was orders of magnitude higher (RE79p27) than our data given below. Our preference 

is to use actual Pu concentration data and then draw conclusions. 

Sehmel (SE72) probably made the best estimates of maximum resuspension factors at 

RFP for a special situation in 1969, when Pu reIeases were high with no vegetation on the field 

during the pad remedial project that involved earth moving machinery. Samples were taken for 

time periods as short as six hours in the source area. The RF ranged from 10-9 to m-l. 

However, these factors are no longer applicable, unless similar areas of fresh soil are exposed. 

We calculated a Rf range of 10-13 to 10-10 m-1 limited to areas near the pad field 

sampler (RF4036P44). The variability in soil Pu activity (see Fig. 2) and ground cover, raises 
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serious questions about generalizing from these values to the whole field. The same applies to the 

calculations for Rr, which was estimated at 2x10-12 sec-1 for the whole 903 pad area. This 

calculation required an estimate of the average air flow over the field and the resulting fetch for 

resuspended panicles. This parameter was used to estimate the total emission of Pu from the 

field to be 200 uCi per year. 

The question of Pu transport to populated areas is better answered by downwind Pu 

concentration data provided earlier in this report. These long term measurements show that the 

pad field resuspended Pu does not conmbute appreciably to off-site dose. We could not discern 

! 

the pad field influence beyond about 1.5 km. To further confum this observation, we suggest 

future studies involving additional air sampling along Indiana Street With improved air samplers, 

that do a better job of efficiently collecting larger particles (RF365Op20). The Pu samples should 

be analyzed for the Pu24O/Pu239 ratio as well as samples of nearby soil to identify the sources of 

the Pu (i.e., fallout vs. RFP Pu). 
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PARTICLE RESUSPENSION: A REVIEW 

! 

Introduction 

Resuspension has been receiving increasing anention 
within the last several yean, as is evidenced in the 
Atmosphere-Surface Exchange of Particulate and 
Gaseous Poliutant (1974) conference proceedings 
(Engelmann and Sehmei, 197% which consider both 
reswpension and dry deposition. Resuspcnsion can be 
a continuing problem after toxic materials are de- 
posited on environmental surfaces. Once the material is 
on the ground., it may be recycied into the atmosphere 
to be inhaled by man. 

Accurately predicting resuspension is important in 
duaring effects of airborne concentrations arising 
from surface contamination. Mass transfer across the 
air-surface interface is important for all toxic matcri- 
ah, regardless of their size. If these materials are respir- 
able, predicting airborne concentrations that might be 
an inhalation concern is crucial. These airborne 
concentrations can be calculated from atmospheric dif- 
fusion and transport models which indude a resuspen- 
sion rate boundary condition for mass transfer across 
the air-surface interface. Unfortunately, man is most 
often exposed to the hazard of particle inhalation in the 
bottom 1.5 m of the atmosphere, a region which is 
generally neglected by meteorological models used to 
simulate the downwind transport and diffusion of 

Mass-transfer processes reviewed here are both re- 
suspension and suspension. Resuspension describes 
material deposited from the atmosphere and then sub- 
sequently re-entrained or resuspended into the atmo- 
sphere. Suspension describes the subsequent insertion 

. 
' 

pollutants. 

of particles into the atmosphere which were originalty 
deposited on a surface by some nonatmospheric pro- 
cess such as an industrial spill. Since the combined 
processes are usually referred to as resuspension, tbis 
tam wi l l  be usui to describe both resuspension and 
suspension. Another reason for referring to thcse two 
proctsscr by one term is that we cannot distinguish 
between the subsequent behavior of particles deposited 
from the atmosphere or from an industrial spill. After 
deposition, most pollutant particles lose their individual 
identity by becoming attached to host soil particles. 
When pollutant particles are transported downwind., 
they are usually attached to host soil particles (SehmcI, 
1976b; 1978b) rather &an transported as discrete pollu- 
tion particles. 

Usually resuspension concepts are applied to surface 
contamination rather than bulk soil erosion, but the 
soil erosion data reported in this review have a general 
application to resuspension concepts. Prediction of 
agricultural erosion, and hence the role of soil pahcfa ,  
is a spectfic resuspension application. The results of 
agricultural erosion research have been summarized 
(Skidmore and Woodruff. 1%8) in t e r n  of a Sod 
erodibility index From these studieJ, predictions of 
average soil loss in a field, ton/acre/month. can be 
estimated. 

Resuspension rates are needed as boundary condi- 
tions for atmospheric transport models. Although re- 
suspension measurements and some correlating b w  
&t for predicting mass transfer at the air-surface 
interface. predictive transport models need extensive 
validation and development. Many models have been 
developed to describe the combined deposition. reus- 
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pension. diffusion. transpon deposition. and resupen- 
sion of an airborne plume. However. as will be shown. 
insufficient and inadequate data are available to vali- 
date these models. 

Although data are insufficient to validate predictive 
transport models. models have been developed to de- 
scribe mass transfer within the air-surface interface in 
terms of mass-transfer resistances. Multibox resistance 
models are often used as a mathematical convenience 
to simplify the continuum mass-transfer processes in- 
cluding resuspension (Calder, 1961) by utilizing an 
initial box in the lower 1 mm and additional boxes for 
incremental distances above that 1 mm. These models 
have been developed by B e ~ c t t  Hill, and Gates 
(1973). Bennett and Hill (1975). Caporaloni et ul. 
(1975). Garland (1976). Liss and Slater (1976). ,Markee. 
Andrews. and Jubach (1977). Murphy (1976). Sehmel 
and Hodgson (1978). Slinn (1976% 1976b. 1977). and 
slina el ai. (1  978). 

In applying multibox resistance models to diffusion 
and transport models, usually only two boxes can be 
used, an upper box described by standard meteorologi- 
cal diffusion and a lower box described by either a 
resuspension rate or a dry deposition velocity. Resus- 
pension rates are needed in these models, and resus- 
pension rate predictions can be based upon the data 
summarized in this review. 

The objective hen is to assist meteorological and 
health physics modellm and users of model predic- 
tions by (1) reviewing the resuspension literature, (2) 
discussing some resuspension variables, (3) Summariz- 
ing both wind caused and mechanically c a d  raus- 
pension rates and factors, and (4) summarizing 
weathering half-times describing airborne concentra- 
tion decrwes with time. Since these data are 
summarized, modellen are assisted in selecting numeri- 
cal values required in thar model applications. 
Results of this review will show that predictive rests- 

pension mass-transfer capabilities do not have a 
sufficient data basc to consider independently both 
naNral and man-generated particles. In addition. re- 
sults will show chat resuspension data are still needed 
to evaluate changes in mass-transfer behavior caused 
by particles of different chemical composition, solubil- 
ity, or particle shape. 
A summary of resuspension research has been pub- 

lished by Engelmann and Sehmel(l976). That volume, 
as well as this review and its references, will probably 
lead one to most published results on resuspension. 

Soil Transport 

Direct experimental evidence of surface pollutant 
removal by wind stresses is still preferable to model 
predictions since there are limited data for model vali- 
dation. Nevertheless, model predictions could be made 
based upon the wind stress physics acring upon individ- 

ual sand grains. That is. wind resuspension rates are the 
integral over wind SUM effects on a microscale. Wind 
stresses on individual sand grains have been estimated 
by several investigators through sand grain models. In 
these modelling studies. force balances including fric- 
tional drag, form drag, gravitation, and the Bernoulli 
effect have been considered (Akiba. 1975: h d r e s ,  
1972; Chepil. 195Oa; 1959; 1%5: Ford. 1957; 
Kawamura. 1975; Malina. 1941; Slinn, 1976b). These 
theoretical models have limited applicability to resus- 
pension physics over a wide surface area since model 
results require integration over the entire surface area 
a procedure involving formidable uncertainties. In 
addition. models of surface forces on individual par- 
tides need some means by which to describe the effech 
of avalanching probabilistically. These models will not 
be described further in this review. 

Nevertheless. modes of pollutant resuspension trans- 
port should be similar to soil transport movements. 
These soil movements can occur on several scales. On a 
small scale, many sand grains tend to move simulta- 
neously in a series of intermittat bunts confined to 
small surface areas. After movement ceases, the area 
remains quiescent until another short bunt occurs 
(Sutherland, 1967). As wind speed incrwes, particle 
bunts become more active until particla are suspended 
and transported into the air. 

Larger-scale erosion is d e s c r i i  by three terms, 
which express continual soil movement as a function of 
surface stresses: saltation, surface cmp,'and suspen- 
sion. Differences in motion between these three are 
graduai. The transport mode depends on particle dim- 
etet, wind speed, and wind turbulence. Saltation de- 
scribes particles, ranging in diameter from about 100 to 
500 pm (Newman et ul, 1976) that jump or bounce 
within a layer close to the air-surface interface. Par- 
ticles transponed by surface creep range in diameter 
from about 500 to lo00 p. These surface creep par- 
ticles move by a sliding or rolling motion and are 
pushed along the ground by wind strrsses and momen- 
tum exchange from the impact of smaller panicles 
vansported in saltation. Particles smaller than about 
100 pm in diameter move by suspension and tend to 
follow air motions. The amount of soil eroded by 
saltation. surface creep, and suspension vanes greatly 
for different soils (Chepil. 1965; Oksza-Chocimowoski. 
1976): suspension moves from 3% to WO by weigh 
saltation ~ W O  to 75% and surface creep 5% to 25%. 

' 

. 
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Saltation 
Of the three types of large-scale erosion described 

above. saltation (Chepil. 1945a) moves the greatest 
amount of soil. Saltating particles rotate at speeds from 
about 200 to IO00 rev/sec and are ejected almost 
vertically into the airstream. The velocity of this verti- 
cal ejection is comparable to the friction velocity. U. 
(Owen. 1964). While gaining considerable horizontal 



momentum from the wind. saltacing partida descend 
with rather flat trajcctories-at an 3ngle of between 6" 
and 12' from horizontal-to strike the soil surface and 
thereby cause avalanching. After sviking the surface, 
saltating particles either saltate again or cause surface 
creep. In either case, avalanching can cause some par- 
ticles to move in true suspension. 

Srupenrion 
Suspension describes the movement of soil particles 

below about 100 pm in diameter. Suspension uansport 
may be described by meteorological diffusion models. 
Suspension particles are lifted by the wind when salta- 
tion particles strike &e surface. If it were not for 
saltation movement, suspension panicles would not be 
eroded readily. Dust less than 50 prn and especially less 
than 10 pm in diameter is extremely resistant (Chepil. 
1943) to wind erosion. However, when suspension par- 

tion, they are easily transported by suspcnsion, 
ticles are mixed with CO- partidts capable of salta- 

l%uhoid wind speed 
The wind speed necessary to begin soit erosion, 

termed the threshoId specd, depends upon a com- 
plicated set of factors. One factor is whether a surface 
crust has formed on an exposed fieid (Chcpil, 1945b). 
The wind speed required to initiate soil erosion in any 
given season is determined in part by this crusf The 
erosion of soil with a surface crust can be initiated by 
wind speeds of 6 to 13 at an elevation ol03 m. 
Once that crust is broken in a ban fidd, wind speeds 
greater than the lower limit of 6 m/scc at 0 3  m will 
continue wind erosion. 

The smallest threshold speeds occur for particles 
ranging in diameter from 100 to I 5 0  tun, For smaller 
panicle diameters, the threshold speed increases with a 
decrease in particie sire. For particie diametm larger 
than 150 pm. the threshold speed incrraseS. For mix- 
tures of soil particle sires, the threshold speed is smaller 
than that required to erode only the largest particle. In 
other words, the threshold speed increases directly with 
average particle size and decreases with a wider range 
of particle diameters m the soil (ChcpiL 1943). Bagnold 
(1941) indicates partides above approxhateiy 100 pm 
will saltate and be carried aloft only if the wind speed 
becoma sigruficantly greater than the threshold speed. 

. 

Horizontal soil flues 
The results of soil erosion r a t s  arc important to 

resuspension studies since pollutants arc often trans- 
ported on eroding sod particles. The results of erosion 
research are often reponed in t e r n  of a horizontal. soil 
particle flux with particular emphasis on the vansport 
of larger particles. O'Brien and Rindlaub (1936) devel- 
oped the original relationship betwan the amount of 
sand transported 3nd vind speed. Thcse measurements 

were made at Clauop Beach at the mouth of the 
Columbia River. At this location. the sand has  a mean 
diameter of about 200 pm. Their equation has been 
adjusted to the amount of sand drift, Q. in kg/m 
width/h. Resulu show 

Q - 0.79( u') 

for wind speeds (u in m/Kc) greater than 6 m / x c  at 
an elevation of I5 m. Bagnold (1941) found similar 
results for the movement of sand during dust storms in 
the Egyptian desert. For a mean sand particle diameter 
of 250 pm, the amount of sand transported is expressed 
by the relationship : 

Q = 5.2 x Id( u - ut)3. 

where u is the wind speed in m/sec at I m height, and 
u, is the threshold speed q u a l  to 4 m/sec By compar- 
ing coefficienu, it is obvious that horizontal fluxes are 

Both expressions show that the horizontal flux of 
sand is proportional to wind speed, u'. Similar results 
are reported in the wind erosion equation developed by 
Chepil (1951). In wind tunnel experiments, the soil 
movement rate was a function of the friction velocity, 
u!. Howevcr, wind tune1  resuits indicated the air 
capacity to transport soil, Le., the total horizontal flux 
of sand, was a function of the friction velocity, u?. 

Hsu (1971) developed a corrciation for predicting 
sand transport as a function of mean sand particle 
diameter for data published between 1936 and 1963. In 
this correlation, the sand transport rate k also propor- 
tional to 2. 

sire tpeclfic. 

Resuspension Coefficients 
Modelle~ can use either resuspension factors or 

resuspension rates to predict the airborne effects from 
resuspension. RCSIS~CE~OQ was described in the early 
literature (Langham, 1971) by a resuspension factor, 
RF. which is the ratio of airborne contaminant con- 
centration per unit air volume, x, divided by the con- 
taminant surface concentration per unit area on the 
ground G: 

(3) 

The resuspension factor cannot be predicted ac- 
curately. The magnitude of the resuspension factor, 
which has ranged in experimental studies from about 

m - I  ( 9 x  IO-" to 3x lo'* m-' for wind 
resuspension and 1 x to 4 x  lo-' m - '  for 
mechanical stresses from man's activities), depends in 

to 



I10 G. A Schmel 

part upon the sampling techniques uscd to measure 
particle concentrations. The airborne concentration is 
measured at some height above the ground surface 
concentration measurement site. Neither the same 
height of air sampling nor depth of surface soil sampling 
is always used although breathing height and a l-cm- 
depth sample of the ground might be used The defini- 
tion given to “surface concentration” must be precisely 
stated since the tenn can mean anything from the 
pollutant in the first dlimeter-depth in the soil per 
unit area to that in the first several centimetersdepth 
pa unit area. Similarly, the definition of “airborne 
concentration” is not often precise because the 
measurement height is not specified. Obviously, differ- 
ent measurement heights and contaminant particle 
sizes on the surface will certainly change the resuspen- 
don factor. 

Some of the prediction uncertainty for the resuspen- 
sion factor may be caused by several deficiencies in the 
resuspension factor concept One deficiency is that the 
airborne concentration for inhalation is assumed to be 
rdated to the surface concentration on the soil at a 
pason’s feet rather than upwind. Another is that resus- 
pension factors are applicable only for the conditions 
for which they were determined. At presenf no general 
method has b a n  devised to extrapolate or predict 
rrsuspension factors for general situations. Even raking 
average resuspension factors is a risky concept because 
of the orden of magnitude of uncertainty within a 
single experiment in measured resuspension factors. A 
third deficiency is that most resuspension factors have 
not been determined under conditions in which the 
resuspension source characteristics were carefully con- 
trolled. In most experiments the pollutant sources were 
nonuniformly distributed across an area, and the 
pollutant source particle size distributions were un- 
know. 

Although resuspension factors can be used to esti- 
mate airborne concentrations above a amraminated 
area, resuspension factors do not describe partidate 
resuspension rates nor can they rtalistidy be used to 
predict downwind air cxposure and ground deposition. 
For downwind calculations of air exposure and ground 
deposition. resuspension rates and airborne particle 
concentrations as a function of height are needed so 
that the resuspension coefficient, i.e, the rate. is dimen- 
sionally consistent with particle diffusion-deposi tion 
models. For use in these models, a group of suspension 
(nsuspension) rates. S. must be evaluated with units of 
the fraction of source resuspended/unit time. Suspen- 
sion rates, rather than resuspension rates are usually 
determined experimentally. 

Three soil size variables must be considered though 
one may dominate. since soil particle movement occurs 
by different mechanisms (Bagnold 1941; 1960) for 
different sized particles. The total resuspension rate, S, 

is 

(4) 

where S, are the windcaused resuspension rates and 
S, are the mechanically caused resuspension rates. In 
both cases the three modes of soil transport, S, Sdt. 
and S, are a function of particle size. The S, is the 
suspension rate for particles moving in true airborne 
suspension, S, is the suspension rate for particles 
moving in saltation, and S, is the suspension rate for 
particles moving in surface creep. 

Boundary conditions for atmospheric transport 
models can be calculated when the contaminant 
surface concentrations and resuspension rates are: 
known. The upward resuspension flux boundary condi- 
tion is determined by multiplying the surface con- 
centration by the resuspension rate. Conceptually, this 
calculation is simple. In reality. the physics are com- 
plex. Similar to resuspension factors, a complication 
arises in the determination of the surface contamina- 
tion level. To illustrate this complication, assume (1) 
the resuspension rate was constant and (2) the total 
surface contamination loss to air was small. Even in 
this case, resuspension fluxes could change with time 
since the surface contamination source could also 
change as a result of contaminants washing. weather- 
ing, and penetrating more deeply into the soil. This 
penetration was investigated by Krey, Hardy. and 
ToonLel(I977). After time, the contaminant soil con- 
centration decreases exponentially with depth into the 
soil. Consequently, depending on the soil depth used to 
define the source strength, widely different resuspen- 
sion fluxes could be calculated. If the source strength is 
measured to include all contaminants penetrating to 
greater depths, the calculated resuspension flux wouid 
remain constant. If only the surface contaminant is 
measured, the calculated resuspension flux would de- 
crease with time. 

Conceptually, both resuspension rates and factors 
are related only to the contaminant that the wind stress 
can act upon. which might be within the top millimeter 
or so of a soil surface. However, experimental practices 
for defining the surface contamination source strength 
are fraught with experimental problems. To determine 
the contaminant surface concentration experimentally. 
the contaminant has  been calculated for varying sam- 
pling depths. Often the top 1 cm of soil is sampled. 
This presents a limited interpretation problem if the 
contaminant is only on the top surface of that 1 cm 
section. However, if the contaminant is uniformly dis- 
tributed throughout the top 1 cm, the source strength 
estimate is too large. In fact, source strengths have 
been evaluated at even grater depths. 

Surface sampling techniques directed toward obtain- 
ing contaminant particle size also cause an incon- 
sistency in determining resuspension rates and factors. 

’ 



Particle resuspension 

Total soil surface sampling distorrs resuspension 
physics because it  ignores how an airborne concentra- 
tion, of a particular particle size. is related to the 
contaminant surface concentration in that same or 
different panicle-size ranges on the ground surface. 

Airborne Concentration Profiles 

Rather than discuss transport models' separately, 
this review discusses only the expected air concentra- 
tion profiles. These profiles are the airborne pollutant 
concentrations as a function of height above ground. 
Figure 1 shows idealized, two-dimensional, airborne 
pollutant concentrations as a function of height for 
three different situations. Figure 1A shows airborne 
concentrations for resuspension from a local source. In 
thir case, airborne concentrations are maximum at 
ground level and decrease with height Downwind from 
that local source, airborne concentrations change, as 
suggested in Fig. IB, and show a depletion near ground 
level as a result of particle deposition. Obviously, large 
dry deposition r a t a  produce more depletion than low 
dry deposition rates. For both high and low dry dcposi- 
tion rates, a maximum airborne concentration occurs at 
some height above ground level. 

1 1 1  

Airborne pollutant concentration profiles resulting 
from ; ~ t l  upwind surface release are shown in Fig. IC. 
For equal total deposition, both a stable and unstable 
condition are considered Airborne concentrations at 
ground l~vel are less for the unstable c a ~ e  since ~ o U U -  
tanu mix upward more rapidly than in a stable atmo- 
sphere. 

Resuspension Considerarions 

There arc many qualifications in predicting airborne 
concenmtions from resuspension. Despite these uncer- 
tainties, much is known about resuspension. Vqables 
that influence resuspension predictions and physics will 
be considered. 

A U & m  poltutant particle diameter 
In air-surface mass-transfer exchanges, the most 

important particles to consider for resuspension are 
those that can be inhaled and potentially caw damage 
in the lug. In general, the respirability of a particle 
depends upon its diameter. Particles less than 3 5  pm in 
diameter arc most often considered respirable. while 
particles as iarge as 15 pm can be inhaled. The sizes of 

posited in the trachd-bronchial tree and the relative 
hazard of the particles. Smaller particles are deposited 
in the alveoli; larger particles in the neighborhood of 
I5 pm or greater are removed from the air in the nasal 
Pauag-y. 

inhaled partides determine Where t h ~ y  will be de- 

Sal erosion 
Some soil erosion results can be interpreted in tenns 

of resuspension rates. Total soil erosion over thousands 
of years can be estimated by the depth to which roots 
or rocks art exposed. In Greenland, the average cro- 
sion in exposed areas was 9 to 37 m in depth per 

DEPOS 1 TI ON HIGH 
DEPOSIT1 ON 

A RESUSPENSiON FROM A 8. RESUSPENSION OR 

UPWIND SOURCE 

C DEPOSITION FROM AN UPWIND 
LOCAL SOURCE DEPOSITION FRclll AN SURFACE RELEASE 

AIRBORNE CONCENTRATION 

Fik 1. Idealized axborne pollutant conantntiom as a function of heighr 
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thousand years (Judson. 1968). In vegetated areas, 
surface losses were less. only 3 m per thousand years. 
and even lea  in Utah and California where root ex- 
p u r e  depths indicate erosion between 0.02 to 0.1 m 
per thousand years. An estimate for continent-wide 
erosion is 0.024 m per thousand years. Tbese average 
surface-depth erosion rat- ranging from 6 X  IO-" to 
1 X lo" cm/sec, correspond to an average resuspen- 
sion rate of from 6 x  IO-" to I X IO-' fraction resus- 
pended/sec for the top 1 cm of sod. 

Agricultural wind erosion results are reported only 
in terms of a wind erosion equation (Woodruff and 
Siddoway. 1965; Skidmore and Woodruff. 1968; 
Skidmore, 1976). which is a product of a soil erodibility 
index, a climatic index. a soil ridge roughness factor 
(Qlepil, 1950). the unsheltered field !ength, and an 
equivalent quantity of vegetation. Tbe product oil t h e  
terms is proportional to the annual soil loss, tons per 
acre or depth loss per unit time. This equation can 
predict soil losses up to about 340 ton/acre/yr, which 
cornsponds to a predicted maximum average surface 
10s of about 4 m/yr or I x 10'' cm/Kc. If the soil 
surface "source" depth is assumed to be 1 cm, the 
surface loss corresponds to a resuspension rate of 1X 
lo'' fraction of source resurpended/sec. 

Tobulaed rerurpenrion canitbies 
Variables influencing resuspension are listed in 

Table 1 under these ciassifications: partick properties, 
soil properties, particle-soil interaction, surface proper- 
tie, topography, and meteorological variables. Some 
variables in each column will be dixwed briefly. 
P&tant particle propertia. In the first column of 
Table 1. one of the most important variables may be 
particle diameter since respiration and inhalation are 
functions of particfe diameter.  us, one wodd like to 
characterize the particle diametm of the resuspension 
source as a step in predicting airborne concentrations. 
However, at the present time. the effects on 
resuspension of the diameter of deposited pollutant 
plmcfes cannot be predicted. 

The methods employed to determine particle size 
distributions in collected soil samples can change the 
polIutant distribution and even the distribution of host 
soil particles. Changes in pollutant particle attachment 
for instance, can be expected during particle sizing with 
either liquid or air elutriation. In these methods, 
d e r  respirable particles are released from host soil 
particfes. Rosinski et ai. (1976) have shown that 
respirable particles are released when a panicle is 
dropped into liquid. Sehmel (1978a) has  shown that 
respirable particles are released when a soil particle is 
dropped on a solid surface. 
Soil properties. Soil properties influencing particle 
-pension arc listed in the second column of Table 
1. An ovcmding factor influencing soil erosion is soil 
moisture content. As long as soil is saturated 

resuspension will not occur: Y the surface layer dries, 
however. resuspension can occur. The increased rcsu- 
pension rate with decreasing surface soil moisture con- 
tent is unknown. However. the threshold friction veioc- 
ity for initiating sand saltation. u o p  was investigated 
by Belly (1964) as a function of sand moisture content 
For conditions of that investigation, the threshold fric- 
tion velocity was expressed by 

~1.71 A ( 1.8 + 0.6 log W) l/'( o - p)gd/p , (5) 

where A is an adjustable coefficient, approximately 
qual to 0.1. 

After precipitation and drying occur, a surface si$- 
a u t  can form. This crust tends to minimize soil era- 
sion untd it is broken by mechanical action or by the 
upheaval of soil caused by thawing and freezing ( W e  
and Morin. 1976). 
Partide-soil interaction. The interactions of pollutant 
particles to host soil particles arc listed in the third 
column of Table 1. Though measurements of 
soil-surface interactions have ban made (Corn and 
Stein, 1965; Corn, 1966: Walker and Fish, 1965; 
Punjrath and Heldman, 1972a; 1972b) in laboratory 
experiments for very simple surfaces, the results have 
not been generalized to the more complex interactions 
in the environment 

Resuspension can occur from vegetation as well as 
soil. For instance, Aylor (1976) determined that large 
numbers of particles were nsuspendcd from corn. 
Similar work has been done by Chamberlain (1970. 
1974, 1975). H & m  Vogt, and Angeletti (1976), 
H c i n c m a ~  et af. (1976), and Petm and Witherspoon 
(1972)- 
Tqwgraphical wriabia. Though little is known about 
the effect of regional topography on resuspension ocher 
than visibility differences c a d  by airborne dust 
(Orgdl and Sehmel, 1976). topography effects may 
influence average resuspension rates. M o s t  
rrsuspension literature only discusses desert or semiarid 
areas, rather than humid areas, whiIe soil erosion data 
apply primarily to agricultural areas. 

Little data has been collected to assess the 
resuspension that can occur in urban topographies. 
Some data show (Newman et af., 1976) that material is 
'refloated" by traffic on city streets. These suspended 
materials are primariiy abraded tire and pavement 
particla. and recycling pollutant particles. Only limited 
data quantifies the refloatation rate (Sehmel, 1973) (=e 
Figs. 6 and 7 discussed later in the section on Vehicular 
rraffic induced rcruspemron). 
Meteoroiogicai wriabfu. Though many rnettorologid 
variables are assumed to influence resuspension. their 
effects have, for the most part, not been quantified. 
The physics of turbulent wind stresses next to tfic 
surface are sui1 being studied. In the literature on fluid 
flow, an undisturbed laminar boundary layer is no 
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Ionger considered to occur next to a smoorh surface. 
Fluid turbulence penetrates to the surface turbulence from the average air speed. 
intermittently and unpredictably, especially over rou& 
surfaces. Turbulence may penetrate in a bunt directed 
toward the ground or in a small dust devil. The author 
has Ken small dust devils, on the order of 10 cm in 
height a d  about 1 m ap- muspend zinc 
sulfide tracer from illl asphalt surface. dust devils 

may have been caused by solar heating rather than 

Resuspension 

The resuspension factors reported in this section Can 

be w d  in estimating airborne concentrations 
from rcsuspended surface sources. These resuspension 
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facton were determined from a collection of airborne 
material sampled without differentiation between re- 
spirable and nonrespirable airborne particles. 

G. A Sehd 

Wind- and mechanically-induced rencspension 
Resuspension can be produced by wind and 

mechanical disturbance of the soil (Hereim and 
Ritchie. 1976). but more readily by the latter. Resus- 
pension facton for wind and mechanical resuspension 
are arranged in graphical form in Fig. 2. Resuspension 
factors for mechanically caused resuspension are 
shown in the upper portion of the figure, and resuspen- 
sion factors for wind stresses are shown in the lower 
portion. In both cases the data have becn ranked in 
terms of descending order of the maximum resuspen- 
sion factor reported for each experiment. In addition. 
the resuspension factor range for each experiment is 
shown by a horizontal line with vertical end marks. If 
only a single suspension factor is reported, this datum 
is shown as an open circle. 

Several conclusions can be drawn from this figure. 
These include the following: 

The figure does not comelate, rather only shows a 
graphical representation from maximum to mini- 
mum reported resuspension factors. 
The range of nsqxnsion facton within some indi- 
vidual experiments can be over several orden of 
magnitude. 
Mechanically caused resuspension factors range over 
seven orden of magnitude from to over 10" 
rn-'. 
Wmdcaused resuspension factors range over seven 
orders of magnitude from 
The maximum reponed resuspension factor is 1o"O 

m-' for both wind and mechanically caused resus- 
pension stresses. 

to IO" m". 

In utilizing this figure for predictive purposes, I 
recommend, if possible, locating a similar stress and 
situation comparable to the one being studied If this is 
not possible, I recommend, at least, using a rcsuspen- 
sion factor range for sensitivity studies rather than 
using only a single "average" resuspension factor. Ob- 
viously, inspection of this figure shows that our ability 
to accurately predict airborne concentrations from 
either mechanically or wind-caused resuspension 
stresses is extremely poor. .Much research is yet needed 
to adequately understand resuspension processes and 
to accurately predict airborne concentrations arising 
from surface contamination. 

Airborne concentration half- life 
Airborne pollutant concentrations may decrease 

with time above a resuspension source. This change in 
airborne concentration with time is reported in terms of 

an airborne concentration half-life, the apparent time 
required for the average airborne concentration to re- 
duce to one-half the original value. This length of time 
depends at Iwt upon average wind speeds and varies 
according to the availability of surface contamination 
to resuspension. Although originally assumed to be 
constans the half-life is ROW considered to change with 
time. 

Half-lives summarized in Table 2 range from 35 
days to yean. This variability in the half-lives of even 
the same source material is probably caused by dif- 
ferences in conditions such as wind speed, vegetative 
cover, time since deposition, and sampling technique at 
each test site. Some of these half-life data have been 
combined into overall models (Anspaugh et af, 1974; ! 
Kathren. 1968; Oksza-Chocimowoski 1976; 1977) that 
arc consistent with Shreve's (1958) ori@ observation 
that the half-life decreases with time. These models 
prescribe half-life changes with time. 

However, half-lives may not always decrease with 
time. Half-lives for airborne concentrations at the 
Plumbbob nuclear test site were originally reported by 
Wilson. Thomas, and Stannard (1960) and Langham 
(1971) to range from 35 to 40 days. More recent results 
indicate a great uncertainty about these half-lives. In 
the original study staning in May 1957. the 35-day 
half-life was determined for an air sampling time 
puiod o€ less than 5 months. Subsequently in the 
summa of 1958, Olafson and Lanon (1961) measured 
airborne concentrations intermittently for times up to 
15 months. In comparing the results from these two 
studies, H d y  (1974) found that during &e 15-month 
time period, no appreciable change was reported in 
airborne concentrations within the data scatter at a site 
230 m from the original test location. This result could 
indicate that resuspension was occurring at an average 
rate continuously during that 15-month period if the 
source were uniform with distance. At a site 760 m 
from the test location, airborne concentrations de- 
creased by a factor of only 1 to 10. These changes in 
airborne concentration may, therefore depend upon 
proximity to the source and possibly Id surface con- 
tamination levels. 

AJuthough the half-life concept appears questionable 
from experimental measuremenu of airborne con- 
centrations. there is reason to expect the resuspension 
source availability to decrease with time. Surface con- 
tamination will become attached to soil particles and 
migrate into the soil structure with time (Krey et af., 
1977). In addition, coverage by vegetation and soil 
from upwind erosion would make the source less avail- 
able for resuspension. Although less availability with 
time is suggested, the possibility also exists that the 
surface contamination that does not migrate could be- 
come more readily available for resuspension by de- 
gradation processes. possibly by biodegradation 
(Wildung and Garland. 1977) and solubility changes. 

' 
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'Ihe half-life for airborne concentrations is also re 
l a d  to the changes in amtamination on vegetation 
surfaces as a function of timc as shown by experiments 

summer months. As shown in Table 2. the half-life Was 

greattr during the winter. 

measuring the changes in surface contamination leveis 
on ulant foliage. Chadwick and Chamberfain (19701, Resuspension Rates 

for --pl% &fled a difference in the half-lives of 
pollutants retained on foliage between winter and 

Resuspension rates an the desired boundary condi- 
tions for atmospheric trampon and diffusion models. 



Panicle rawpeasion I I7 

Experimental resuspension rates will be summarked in 
tbb section to show the range of reported numerical 
values. Resuspension rata have been measured using 
controUed tracer sourccs and estimated using sourccs 
of ~pport~nity and soil. Sehmei (1977a 1980) experi- 
mentally measured resuspension rates using tracer par- 
ticles. In these urperimenq resuspension rates w e n  
measured as a function of wind speed as well as rcspi- 
rabk and nonrespirable particle diameters. Mechaaiclli 

was measured for vehicular traffic on 
asphalt and in cheatgrass areas and for pedestrian 
traffic on asphal~ Sehmei's w of mass balance tech- 
niques to determine resuspension rates is a more direct 
measurement method than in early tracer resuspension 
data reported by Healy (1955, 1977b) and Hcaly and 
Fuquay (1959, 1959). In that early research, airborne 
concentrations of suspended tracers w e n  estimated 
Using air samplers located only at ground kd. Later. a 
diffusion mode1 was used to calculate apparent rcsus- 
pension rates. 

. 

. 

Wid-in&cd ruwpensim 
Resuspension rates cannot be reliably predicted as a 

function of the diameters of the source particles or the 
physical and chemical properties of the particles. There 

arc too few data even to predict differences between 
resuspension rates for the same pollutant for surfaces 
with different vegetation coverage. Airborne concentra- 
tions produced by wind S U M  have been reported as 
a function of both wind speed and friction veiocity. 
Resuspension data summarized in Table 3 show that 
air concentrations increase from the 1.1 to the 6.4 
power of wind speed or friction velocity. Therefore, the 
dependence of particulate airborne concentrations on 
wind speed is uncertain. 

The particle resuspension rates summarized in Table 
4 have either been calculated using vansport and diffu- 
sion models in interpreting measured concentrations at 
only one height or have been measured by the integra- 
tion of airborne concentrations as a function of hcibt. 
Though the data determined from concentrations 
measured as a function of height with antroiled resus- 
pension sources is least questionable, resqxnsioa rates 
for both experimental techniques range from about 

to lo-' fraction of source rrsuspended/scc. This 

eleven orden of magnitude uncertainty for resuspen- 
sion factors. 

Average wind-induced resuspension rates for tracer 
panicles were measured (Sehmcl, 1977a; Sehmel and 

eight-magnitude uncertainty is slightly less than the 

Y o m  Flat 

word 
word 

Emdills field 
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soil 

Lloyd 1975) for remqmsion from three surfaces, Le., 
an asphalt surface, a cheatgrass areas, and an area 
lightly vegetated with cheatgrass and sagebrush. For 
average wind speeds of 1 to 4 m/sec. wind resuspen- 
sion ram for the asphalt surface ranged from 5 X  
to 6 X 10" fraction resuspended/sec. For average wind 
speeds of 1 to 5 m / w  at the cheatgrass arts, wind 
w o n  rates ranged from 5x to 6X 10'' 
fraction resuspended/sec. 

Resuspension rates of tracer particles from two 
lightly vegetated portions of the W o r d  arcs are 
shown in Figs. 3 and 4 (Sehmel. 1980). These rates an 
for submicrometer and 6 p m  particles as deposited. For 
the submicrometer tracer site, resuspension rates are 
shown in Fig. 3 for wind speed increments after March 
1974 of 4 5  to 5.4, 5.4 to 6.7. and 6.7 to 9.4 m/sec. In 
general, resuspension rates at each wind specd re- 
mained anstant over the total time period However, 
there is an apparent seasonal change in resuspension 
rates. The seasonal variation is not explicit since each 
experimental time period was determined in part by the 

ticular season. Nevertheless, resuspension rates appear 
to be higher during the autumn than in the spring and 

OCCU~CJICC of sufficient desired Winds during that par- 

SUmmer. 

Most rrsuspenSion rates were calculated from total 
airborne samples. To determine the particle size de- 
pendency, each stage of caxade particle impactor sam- 
ples were analyLed separately for tracer content. For 
both cases, resuspension rates were calculated assum- 
ing the tracer source strength was independent of par- 
ticle diameter. Resuspension rates indicate that the 
tracer was te~uspended or was attached to all host 
partide sites characterized by sampling with cascade 
particle impactors. In addition, the tracer continued to 
be resuspended attached to all particle sizes throughout 
the duration of the experiment. 
A resuspension rate wind-speed dependency was 

calculated from the total airborne samples, For this 
calculation, each resuspenn-on rate was normalized to 
the respective resuspension rate measured for the 4.5 to 
5.4 m / x c  wind speed increment. Using this procedure, 
a Icast squares fit of the data indicates resuspension 
ram increased with wind speed raised to the 3.4 power. 

For the 6 pm tracer source, resuspension rates are 
shown in Fig. 4 for wind speed increments of 3 to 5, 5 
to 7, and 7 to 1 1  rn/sec. Resuspension rates were 
calculated from total airborne samples and also as a 
function of the collection site within cascade particle 
impactors. Resuspension rates increased with wind 
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speed raised to the 3.5 to 13.8 power. For the time 
period shown. resuspension rats were d d g  with 
time. 

Average wind-indued tracer resuspcnsion fates of 
both respirable and nonrespirable particles are shown 
over lightly vegetated desert in Fig. 5. Average resus- 
pension rates for nonrespirable particles were nearly 
independent of time and were on the order of IO'" 
fraction resuspended/sec. Average resuspension rates 

for respirable particles ranged from about 10'" to 
10" fraction resuspended/sec and did not decrease 
during the measurement period. 

Correlafion for wind-induced resuzpenrion rates 
Resuspension rates measured in several experiments 

(Sehmei. 1975) are plotted in Fig. 6 as a function of 
aerodynamic surface roughness height. In this figure, 
resuspension rates range over seven orders of ma@- 
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tude from 10"' to lo'' fraction rrsuspeoded/sec To 

year, these rates are muitiplicd by the 32x lo' sec in a 

6 is a guideline for estimating resuspension rates for 
other aerodynamic roughness as illustrated in 
Table 5. However, this codation with aerodynamic 
surface roughness should be used with atrune caution. 
One would expect resuspension rates a n  also a func- 
tion of additional parameten 0th- than aerodynamic 
surface roughness alone. 

Vdukdar tra& i&ed raupmsion 
Resuspension rates for vehicular traffic on an 

asphalt road are shown in Fig. 7 as a function of 
vehicie speed (Sehmei, 1973). The mass-median tracer 
diameter was 8 pn and all putides were less than 25 
p diameter. Resuspension rates were calculated by 

estimate the fractional source Strength rcmovaI pa 

YW. ie ,  IO-* to 10'' fractioo reswpended~~. figure 

determining the fraction of the tracer resuspended each 
time the vehicle was driven along the road. The frac- 
tioa of tracer resuspended each time the vehicie passcd 
ranged from IO" to IO-*. Resuspension rates in- 
creased with vehicle speed. Also, when vehicles were 
driven on the lane containing the tracer, the rcsuspcn- 
sion rates were greater than when the vehicle was 
driven on the lane adjacent to the tracer b e .  For 
vehicle speeds above 20 mph on the tracer lane, mu- 
pension rates for both car and truck passage were 
found to be comparable 
These rates were also found to depend upon the 

length of time the tracer particles were on the asphalt 
road. After the tracer was on the road for four days 
partide resuspension rates decreased, as Fig. 8 shows. 
As before, resuspension rates were g r a t a  when the 
vehicle was driven through the tracer lane than when it 
was driven on the adjacent lane. 
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Although increased rcsuspcdon rates an expected 
at higher speeds because of turbulence, Sehmel found 
that rtsuspension rates decreased for the cheatgas 
road as tntck speed increased from 5 to 30 mph (Fig 
9). This decrease can be attributed to the sequence of 
tnlck speeds used in the experiment The initial renrs- 
pension experiment was conducted at 5 mph. At this 
low speed the most readily resuspended tracer particles 
were removed from the cheatgrass. Only when &e 
truck speed was increased from 30 to 40 mpb and air 
turbulence increased as a result, did rtsuspension rates 
incrwse. 

Pcdcrrian i&ui raupension 
Resuspension rates caused by pedestrian traffic were 

determined as the fraction of tracer panides rem- 
pended each time a penon walked the length of a 
tracer lane. A man walking along a tracer lane on an 
asphalt road caused a fraction from 1 X IO-’ to 7X 
10“ of the tracer to be resuspended with each pass. 

ConclUSiOrU 

This review has demonstrated that resuspension 
physics are so poorly defined that much research is 
needed. One problem is that reJuspension coefficients 
have not bccn adequatciy defined The resuspension 
factor relates airborne concentrations to local surface- 
contamination ievels. but describes neither the vertical 
flux from resuspension nor the total downwind flux. 
Therefore, any c a l d t i o n  using an “average” resus- 
pension factor must be quaiiricd as being uncertain 
within 2 to 3 orders of magnitude because resupasion 
factors have ranged 2 to 3 o r d m  of magnitude even in 
a single field experiment 

The resuspension rate describes the fraction of 
source resuspended per unit time. If the surfact wn- 
tamination level is known, the vertical flux from resus- 
pension is the product of rtsuspension rates and 
concentrations, Resuspension rates meaSured for both 
wnd and mechanical svcsses indicate that mechanical 

’ 
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strcscs can resuspend more material at one time than 
wind, but that effect is short-lived because mechanical 
stresses usually last over less time and space. 

Resuspension research results to date show no signi- 
ficant differences for poUutanu from both nucicar and 
non-nuclear energy sources. Differences cannot be dis- 
tinguished as a function of chemical properties or par- 
tide S k .  

Experimentat resuspension research is needed. In 
future studies, the experimental conditions must be 
controlled and defmcd. Experimental model validation 
is the crux and requirement for future research of 
air-surface mass-uanJfer processes. 
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A Relationship Between Plutonium Activity 
Densities of Airborne and Surface Soils* 

(Received 13 April 1982; accepted IO September 1982) 

Introduction 
AIRBORNE plutonium concentrations from wind re- 
suspension can either be directly measured or pre- 
dicted (SeSOb). Since costs of extensive direct air- 
borne plutonium concentration measurements may 
be prohibitive in some instances, model im- 
provements are desirable for predicting airborne plu- 
tonium concentrations for environmental impact as- 
sessments. Predictive improvements follow for the 
model based upon the airborne-soil mass-loading 
calculational approach. 

Airborne concentrations from resuspension have 
been predicted based on considerations of airborne 
mass loading and pollutant concentrations on the 
airborne soil (An74 An75). The mass loading ap- 
proach was developed based on an assumption of 
equality, i.e. the pollutant concentration per unit 
mass of airborne soil (A,,,), is identically equal to the 
pollutant concentration per unit mass on the local 
soil surface (ASORFACE). In this case. airborne pollut- 
ant concentrations are predicted from the equation 

= (ML ) ( A A d  (1) 

where ML =airborne soil mass loading per unit 
volume of air, and A,, ,  = pollutant concentration 
per unit mass of airborne soil. The method was based 
upon data for plutonium. In this case, the pollutant 
concentrations on airborne and surface soils are 
activity densities, AAIR and ASuRFACEI fCi/g. In devel- 
oping this method, predicted airborne concen- 
trations. pCi/cm3, were based upon an assumed 
airborne mass loading of 100 pg/m3 and an equality 
of AAIR and Awda. The activity density on airborne 
solids was not determined. 

In using the mass loading calculational approach 
for predictions of airborne pollutant concentrations, 
caveats are inherent. These include: 

*Department of Geosciences and Engineenng, 
Pacific Northwest Laboratory, Richland, WA 99352. 
Work supported by the U.S. Department of  Energy 
under Contract DE-AC06-76RLO 1830. 

0 The pollutant concentration on surface soils 
may be nonuniformly distributed spatially and as a 
function of  surface-soil particle size distributions. 

0 The pollutant distributions spatially and as a 
function of the surface soil particle site distribution 
are usually unknown. 

0 The pollutant distributions are knovh with 
even less certainty as a function of surface soil 
particle size distributions as compared to the pollut- 
ant distributions on airborne particle size distribu- 
tions. 

0 Airborne soils are usually mixtures of  soil 
resuspended from the contaminated surfaces under 
investigation and soils resuspended and transported 
from upwind. 

The purpose here is to summarize data for plu- 
tonium as a pollutant on airborne and surface soils. 
if both are available at study sites. and to examine the 
data for relationships between plutonium concen- 
trations on airborne soils and on surface soils near 
the airborne particulate sampling sites. In practice, 
surface soil samples are actually soil samples taken to 
a sampling depth. Only data for sites will be. sum- 
marized for which the plutonium concentrations on 
both airborne and surface soils have been in- 
vestigated. These sites include the Bikini Atoll (Sh80). 
the Hanford Site (SeSOa; 9 8 1 )  and Rocky Flats 
(Kr76; Se8Oa). The plutonium concentrations are 
reported as activity density ranges. fCi/g of collected 
soil, Le. IO-” Ci/g. A11 plutonium activity density 
data on surface soils were determined for total soil 
samples rather than as a function of host soil particle 
diameters to which the plutonium was attached. 
Thus, the reported plutonium activity densities are 
for both respirable and nonrespirable size host soil 
particles. In contrast, most plutonium activity densi- 
ties for airborne solids were determined for particles 
which were respirable, or near respirable. 

Because there are only limited activity density data, 
only a preliminary relationship was sought based on 
reported activity densities for airborne and surface 
soils. Improved relationships between mete- 
orological, surface and source characteristics may be 
developed at a later time, at a time when significantly 
more validation data have been collected. Untjl that 
time, the activity density relationship to be developed 
significantly improves our ability to predict airborne 
pollutant concentrations attributable to re- 
suspension. 

i 
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Activity Density Relationship 
Plutonium activity densities of  airborne. A \,R, and 

surface soils, ASURFACE, which follow are summanzed 
as ranges measured at Bikini Atoll, Hanford and 
Rocky Flats. However for both soil sampling con- 
venience and individual program goals, the surface- 
soil sampling depths in this summary were always 
greater than the wind resuspension source-depth. 
Indeed, these. sampling depths may tend to reduce 
surface-soil resuspension-source activity densities in 
comparison to measured activity densities of airborne 
soils. Although further refinements in soil sampling 
techniques is desirable for resuspension in- 
vestigations, the data summarized are the current 
data base. 

The data for airborne and surface samples were 
collected in independent investigations. Activity den- 
sity ranges for airborne soils include the entire data 

base (except for one atypical datum point, see Se81) 
while ranges for surface soils are based upon selected 
soil sampling sites. Soil sampling sites were those in 
closest proximity to each sampling site for airborne 
solids. Distances between selected sampling sites 
reflect spatial areas at Bikini Atoll, Hanford and 
Rocky Flats. Distances between sampling sites for 
airborne and surface soils are greater at Hanford 
than at Bikini Atoll and Rocky Flats. 
A conservative relationship was sought between 

the experimental activity densities of  airborne soils 
and surface soils, i.e. the maximum observed actiyity 
densities of airborne soils as a function of the din-  
imum activity densities on surface soils. Once the 
relationship is established, conservative (high values) 
airborne concentrations, pCi/m'. can be calculated. 
The relationship is shown in Fig. 1. 

Activity density ranges, (AAlnr and ASUnFACE), are 

PLUTON IUM  - 239 .240  A C T I V I T Y  O E N S l T l E S  ON A I R B O R N E  AN0 SURFACE  > O I L 5  

1061 1 1 " " " I  9 . ' I ,  ' " I  , ' 7 I " " ,  ' 9 " " " I  1 1 T I - . . . ,  , * .I'T[ . " " " 3  
UPPER LIMITS / 

BIK IN I  ATOLL I/ SITE A 

I 

- 
- 

S I E A  
DATA RANGES SHOWN BY RECTANGLES . 

t TO CESS-THAN ANALYTICAL LIMIT 
, , I  ,.,. I , I . I ,,.. I . , , I , . . .  1 , , I 8  . . I .  I . . . I  ,... I . 1 . I . . d  

1 10 lo2 12 IOJ 12 lo6 lo7 

FIG. I .  Plutonium-239-240 activity densities on airborne and surface soils. 



NOTES 1049 

shown in Fig. 1 as shaded rectangular areas. Activity 
densities of airborne soils range from IO0 to 10’ fCiig, 
while activity densities of surface soils range from 10’ 
to 106fCi/g. The shaded areas intersect and lie on 
either side of the 4s” line representing an equality of  
A A ~ R  to ASURFACE- 

The lines labeled “upper limit” represent’ the con- 
servative estimates sought. In this figure. upper limits 
are shown by two straight lines for the maximum 
activity densities of airborne soils. Although these 
straight lines intersect at an activity density for 
surface soils of 2 x iO’fCi/g. the intersection is 
considered to be without further significance other 
than a mathematical representation of the upper limit 
data. For smaller activity densities on surface soils, 
the upper limit is described by 

A,,, = 3.3 x 10‘(&RFACE)025. (2) 

For larger activity densities on surface soils greater 
than at the intersection, the upper limit is described 
by 

A,&[R = I .3 x 104(AsURFACE)o.”. (3) 

These maximum activity lines reflect the presence 
in collected airborne samples of plutonium and par- 
ticles from both upwind and resuspended locally. The 
relative amounts, as exhibited by the data, are a 
function of  the activity density on surface soils. The 
effects of simultaneous collection of airborne soil 
particles resuspended from upwind and locally from 
a resuspension source may be especially evident in the 
data for Rocky Flats. These Rocky Flats surface soil 
samples have the largest reported plutonium activity 
densities. 

For activity densities on surface soils less than 
about 9 x IO4 fCi/g, the maximum observed activity 
densities on airborne soils are greater than on surface 
soils. The increase reflects several considerations: 

0 Surface soils contain both respirable- and 
nonrespirable-sized particles. 

0 Plutonium activity densities on respirable-sized 
particles are greater than on nonrespirable-sized par- 
ticles. 

0 The observed activity densities are “averages” 
of activity densities for particles transported from 
upwind and resuspended locally. 

0 The relative contributions from upwind and 
local sources depend upon plutonium particle, sur- 
face and meteorological parameters. 

For activity densities greater then about 
9 x 10‘ fCi/g, the maximum observed activity densi- 
tits on airborne soils are less than on surface soils. 
The decrease reflects the same considerations as just 
enumerated. The principal difference, in this case, is 

that soils transported from upwind may contain less 
contamination than soils resuspended locally. 

Airborne Plutonium Concentratiorrs: Source Strength 
Modified Mass Loading Approach 

In the absence of measured annual average air- 
borne plutonium concentrations, conservative esti- 
mates of airborne plutonium concentrations from 
resuspension will be made using a modified mass- 
loading calculational procedure. The modification 
entails the use of  the upper limit lines from Fig. 1 to 
relate activity densities of airborne soils to activity 
densities of surface soils. For the estimation of air- 
borne plutonium concentrations, data are also 
needed for activity densities of surface soils and 
airborne mass loadings. Both will be assumed for an 
example calculation. Based upon reported data, i.e. 
the range shown in Fig. 1. the activity density on 
surface soils might be over six orders of magnitude 
from 2 to 3 x i@fCi/g. This uncertainty may be 
unacceptable, except for the fact that the correspond- 
ing maximum predicted activity-density uncertainty 
on airborne soils is less than two orders of magnitude, 
4 x 10’-1.3 x IO’fCi/g (see Fig. 1). Thus, activity 
densities of 4 x 10‘-1.3 x IO’ fCi/g of airborne soils 
will be used for estimating airborne plutonium con- 
centrations. 

Airborne soil mass loadings are also needed for 
estimating airborne plutonium concentrations. Max- 
imum values are sought which are considered real- 
istic. Realistic in this case means mass loadings 
estimated on an annual basis, a basis considered in 
evaluating inhalation concerns from airborne radio- 
nuclides. In most cases, the annual-average mass 
loading would be between IO and 260pgjm3, ;.e. 
somewhere between mass loadings for unpolluted air 
during low wind conditions and an upper limit 
corresponding to the 24-hr maximum National Am- 
bient Air Quality Standard (NAAQS) of 260 &m’. 
In comparison, the primary NAAQS for the annual 
geometric mean for suspended particulate matter is 
75 pg/m3. All these suspended particulate matter 
concentrations range within nearly one order of 
magnitude, i.e. from 10 to 260 pg/m’. In order to be 
conservative (high predicted values) in predicting 
airborne plutonium concentrations in the subsequent 
calculations, an annual average airborne mass load- 
ing of 260 pgjm3 is assumed. This corresponds to the 
24-hr maximum NAAQS rather than the primary 
NAAQS of 75 pg/m3 for the annual average airborne 
concentration. 
A basis has now been established for estimating an 

annual-average airborne plutonium concentration at- 
tributable to wind resuspension, a conservative esti- 
mate. These estimates are for annual average concen- 
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trations, estimates which are expected to be always 
greater than measured annual average airborne plu- 
tonium concentrations resulting from resuspension. 
The basis is an annual average airborne mass loading 
of 260pglm’ and a plutonium activity density on 
airborne soil corresponding to the upper limits for 
data shown in Fig. I ,  i.e. activity densities from 
4 x l@ to 1.3 x IO’ fCi/g. Airborne plutonium con- 
centrations are calculated by multiplying the mass 
loading by the activity density. Thus, the maximum 
estimated annual-average airborne plutonium con- 
centrations from wind resuspension range from 
1.0 x IO-’’ to 3.4 x lO-“pCi/cm’. To be empha- 
sized is that these are conservative estimates directed 
toward illustrating the maximum values which might 
be predicted from the modified mass-loading calcu- 
lational procedure. These estimates are for annual 
planning purposes, rather than for daily applications 
to site specific areas. For daily applications, the wind 
speed dependencies, etc. of resuspension physics must 
also be considered. 

GEORGE A. SWL 
Batelle 
Pacific Northwest Lnboratory 
P.O. Box 999 
Richland, WA 99352 
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Establishment of a Field Plot to Study the 
Behavior of Cesium-137 in the Environment 

(Received 20 November 1981; accepted 19 February 
1983) 

ALTHOUGH the behavior of InCs in the environment 
has been the subject of many studies (De 78; Le75; 
Ro70; Au58; A179), any new situation which can be 
followed closely may contribute to a better under- 
standing. Such a situation presented itself during the 
summer of 1979 with an accidental release at an 
industrial site n y  Louisiana State University (LSU) 
when a 1 4  CsCl source ruptured during a 
recovery operation. Approximately one-third of  the 
loose, powdered material was dissolved and washed 
onto adjoining grass sod and a pasture by a rain- 
storm before cleanup was completed. 

As part of the decontamination efforts at the 
accident site, the Louisiana Nuclear Energy 
Division (LNED) ordered removal and disposal of 
the most severely contaminated surface material. 
The faculty at LSU’s Nuclear Science Center was 
aware of the situation and recognized the oppor- 
tunity to undertake field studies of InCs movement 
in the environment. The center had an area pre- 
viously used for burial of short-lived radionuclides, 
but which has been fallow for more than 20 Yr, as a 
candidate site. Subsequently, LNED authorized 
transfer of approximately 35 mz of St. Augustine 
grass sod and 2 m’ of underlying soil to LSU to 
establish a Radioecology Field Laboratory. 

The site of the Radioecology Field Laboratory is a 
166 x 10 m (0.5 ha) fenced area located on an ancient 
flood plain 1.5 km from the Mississippi River levee 
system on the LSU Agricultural Experiment Sta- 
tion. This fenced area has not been cultivated since 
1954, and has been maintained only by occasional 
mowing. 

The soil in this area is a low-permeability Mhoon 

I 
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PLUTO XI Uh.1- 2 3 9 AND AhlERI CIUhl- 2 4 1 CONTXI1/lINXTION 
IN THE DENVER AREA 
S. E. POET and E. -4. MARTELL 

National Center for .\tm.osphcric Rcearch,* Roulder, CoIorido 80302 

(Rrcekd  6 ditprlst 1971) 

Abstract-Procedures and results of an esperimental investigation of 239Pu and 2 1 1 : ~  con- 
tamination in the environs of the Rocky Flats plutonium plant and elsewhere in the greater 
Denver area are presented md discussed. hIeasurcmentsof 3gPu and in the top I cm surface 
layer of soils show that in this 1a);er the c39Pu contamination in offsitc arcas just east of the Rocky 
Fhts plant ranga up to hundreds of tima that from nuclear tesa  In the more densely populated 
arey of Denver the Pu contamination level in surface s o h  is several times fallout. The depth 
distribution of s9Pu in undisturbed soik in the more heavily conmninated areas show that the 
contaminant is concentrated largely in a thin surface layer. Results for soils of known last b t e  
of disturbance make it evident that most of the ofisite Pu accumulated between 1966 and 1969. 
This corresponds to the period in which Pu in an oil spill area on the plant site was exposed and 
subjected to wind rcentrainmcnt 2u.%m, which grows in from z a 1 P ,  present in the contaminant, 
now contributes between 3 and 15% as much alpha activity Y sgPu and ultimately will 
approach comparable Icvek. 

Theimportant unknownsand uncertainties involved in thcestimation of inhalation CX~OSISCS 

and the urcinoqcnic risks from the 23sPu contamination in the environs of Rocky Flats are 
bricily reviewed: 

1. INTRODUCTION 
ON 1 1  May 1969 a fire involving a large 
amount of plutonium occurred at the Atomic 
Energy Commission's plutonium processing 
plant: at Rocky Flats, 16 miles northwest of 
downtown Denver. During the fire heavy 
black fumes were observed to discharge into 
the atmosphere for a brief period and a lighter 
grey-brown smoke issued from the building for a 
prolonged period of time. Subsequently milli- 
curie quantities of 239Pu were found on the 
roof of the building and on a paved area 
nearby. T h e  amount o f  Pu released to the 
outside environment by this fire is not known. 

IVhen plutonium is burned in air the particles 
produced are highly insoluble PuO, particles of 
respirable size") and high specific alpha radio- 
activity. Inhaled particles of this type carry a 
carcinogenic risk o f  uncertain magnitude. 
The prescribed maximum permissible lung 
burden (SIPLB) o f  0.016 pCi "'Pu for occu- 
pational exposure which is based on uniform 
tissue dose experience and a relative biological 

* Tlie National Center for Atmospheric Research 

t Operated 5y the Dow Chemical Company under 
k sponsored by the National Science Foundation. 

AEC contract. 

effectiveness (RBE) factor OF 10 for alpha radio- 
activity, may involve a sclbstantial risl~(~*~) 

At the outset o f  this experimental study, the 
objective was to determine the extent o f  offsite 
Pu contamination from the iMay 1969 fire. 
Our initial soil measur:.ments, made during 
1969, were reported els~where'~) and showed 
appreciable levels of s 9 P ~ ~  in areas immediately 
east of the plant. Subsequently representatives 
of the Dow Chemical Company suggested a 
September 1957 Pu fire at the Rocky Flats 
plant(5) and a Pu contaminated oil spill on the 
plant site as other possible sources of the offsitc 
Pu contamination. 

Our 239Pu measurements in soils, surface 
waters and sediments in oEsite areas surrounding 
the plant are presented below. The soil samples 
also were subjected to lCSr assay to provide 
means of distinguishing beiween 23sPu of  Rocky 
Flats plant origin and 239Pc fallout from nuclear 
tests. T o  assess which of the suggested sources 
\vas responsible for the offsite Pu, the depth 
distribution of 239Pu and 'OSr for a limited 
number ofsoils of known last date ofdisturbance 
was determined. *$1,4m alpha radioactivity also 
is reported for some soil, water and sediment 
samples. 2 4 l - h  is the daughter product o f  
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241Pu, a 8- emitter o f  13 yr half-life, present in 
the Rocky Flats piant plutonium isotopc 
mixture.' G, 

2. PROCEDURES 

(a) Determination of 233Pu (pius z4OPu) * and OOSr 
After preliminary processing of soil and sedi- 

ment samples, log fractions were taken for 
analysis. Both 60 mg of Sr(;\;O& as carrier 
and a measured aliquot (-10dpm) of *"Pu 
calibrated standard solution were added. Each 
sample was dried and ignited to 600°C to remove 
volatiles. The sample was digested, in turn with 
200ml  6N "21, 100ml conc. HNO,, 2 O m l  
30% H,O, and succcssively larger amounts of 
water. The  soil sample was filtered and washed 
twice with 2N HNO,. To the combined filtrate 
and washes, 5 ml of concentrated &Po4 was 
added. NaOH was slowly added until a pre- 
cipitate formed and then the solution was 
adjusted to pH 9 with NH,0H.(7.8J After 
prolonged digestion the mixture was centrifuged. 
The precipitate was redissolved in HNO, and 
the solution adjusted to 300 ml with 8N "0,. 
This solution was slowly passed (400 mI/hr) 
through a freshly prepared DOWCK 1-x2 
(50-100 mesh) ion exchange column in the 
nitrate form. The column was washed with 
8N HNO, and the HNO, solutions were com- 
bined and reserved for Sr 

The column was washed with 20 ml o f  con- 
centrated HCl and the solution discarded. 
Pu was eluted with 250 ml 0.5s HCI and con- 
verted to the nitrate by repeated evaporations 
to dryness with addcd HK0,.(7.9) The Pu 
was purified by recycling through the regener- 
ated column when excess residue was observed. 

(b) Defermirution o f  zi1.4rn and 23sPu 
Small aliquots of  calibrated spike solutions of 

*cl?u and Z43Am were added to 10 g of screened 
dry soil in a Pt dish and heated to 600°C. 
T h e  sample was first digested in 6N HCI, then 
with conc. I-ISO,, cooled and 10 mi 30 % H20, 
was added. After the H,O, reaction was 
complete, the sample was digcs ted, cooled, 
diluted to 3N IISO, and centrifugcd. The 
centriiiugatc was passed slowly (-100 ml/hr) 

* Because their a cnerqics arc indistinpishable thc 
abundant 310Pu and I- abundant zaOPu are dcter- 
mined together but usually referred to as '3gPu alone. 

through a Dowes 1 column in the NO,- ;: ::..- 
the column was washed wiih 8N HSO, ._:, . 
the H?iO,~solutionscombiiiedfor Amseparst:, :~ 

The Pu was removed from the column -,..;.I, 
0.5N HCI and was converted to nitratci7.3' :::..: 
plated (see below). To the Am solution 11 ::,: 
La carrier was added. The solution 
evaporated to dryness and converted to C1- nit:,  
HCI. The residue was digested with IC0 11.i 
H,O, centrifuged and the rcsidue rejccrc.;. 
The solution acidity was reduced with S~.(J!{ 
and 20 ml saturated oxalic acid added. Soit;- 
tion was adjusted to pH-2 with NaOl!, 
digested, and oxalate precipitate was ceniri- 
fuged, redissolved in O S N  HCl, adsorbed on .: 
D o w a  50-X8 (50-100 mesh) column and r i ! ~  
Am eluted with HC1-ethanol solution.(1612' 

( C) Pluronium plating 
The  purified Pu nitrate solution was e v a p  

rated to dryness and 10 m l  0.4N "0, N L ~  

added. A polished stainlets steei disk waswasiicd 
with HNO,, rinsed and placed in a plating cdI. 
Two ml of 1.5N NH,OH were added to the Pu 
soIution and the solution poured into the plating 
cell. Pu was plated at the cathode over 0.; 
cm2 area of the stainless disk for a period oi 
3 hr at 4 . 3  amp current and 12 V potentiA. 
The  plating solution was made sIightIy bwc 
during the last 30min with ",OH addcd 
as necessary. The plated disk was subjected 
to red heat in an oxidizing flame. This 
procedure is essentially that of SANDERS and 
LEXDT.'~) 

(d) Americium plating 
The  HCI-ethanol solution of Am was evap- 

orated to dryness and the residue dissolved in 
10 ml NH,Cl plating solution.(14J The solution 
was adjusted to pH 3 with 2N HCI. The :\Ill 

was plated on a Pt disk cathode at 12 V a d  
0.5 amp for 2 hr. Thick deposits which ga*;l: 
poor spectra were removed with conccntr~ tccl 

HNO,, recycled on Dowex 50 andlor Dowes i 
and replated. 

(e) Strontium-90 dettrrninction 
Following purification and yield determin2- 

tion, the Sr fraction was stored to allow ''j. 
growth. Subsequently Y carrier was added ami 
the Y was separated, purified,'8) and Y yield 
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determined. The Y sample was mounted on a 
thin backing and counted bcovecn two thin- 
walled $- flow counters in close sandwich 
geometry with steel and anticoincidcnce shield- 
ing. The \vas counted in decxy to allow 
resolution of the activity from the chemical 
blank ,B- activiry and background. The 
absolute 90Sr activity was calculated from the 
mezsurcd actik-ity and I' and Sr yieid data, 
using techniques calibrated with a 'OSr solution 
standard . 
(f) Plutonium-239 and 2UAm measurement 

T h e  plated samples were mounted close to a 
silicon surface barrier crystal detector in a 
vacuum chamber a t  room temperature. Sam- 
ples were counted with a multichannel pulse 
height analyzer. Calibrated standard spikes o f  
23'Pu and 2UAm which had been added to each 
samples for m9Pu and Z r r h  analysis respectiveIy, 
eliminated uncertainties due to recovery yield, 
plating efficiency, adsorption, scattering and 
geometry. Absolute disintegration rates were 
estimated directly from the ratio of total pulses 
under the a3Pu (plus Z40Pu) and 23BPu peaks 
(or Z a l A m  and Z G A m  peaks) and the known 
spike activity, with very small corrections for 
background and spike impurities. 

(g) sod sampling and processing 
AU soil sampies (with the exception of soil 

profiles 3, 4, 5 and 7, Table 3)  were collected 

from even, undisturbed sites which had not been 
subjected to tlic action o f  irrigation or picwhx. 
Jl-here the history of the sampling sites !\-as not 
known the soil samples were taken along old 
fence lines near midspan bent-cen posrs. The 
vegetation was cropped closely and discarded. 
Each soil sample was collectcd over nn arca 
about 1000 cm2 by spatula, with special care to 
provide samples of the stated depth as unifornIy 
;1s practical. For depth profiles precautions 
wcre taken to avoid contamination from rhe 
higher soil horizons. 

The soil samples were air dried, pulverized 
to break down soil aggregates, sieved to rc- 
moved particles >0.05 cm diameter and thor- 
oughly mixed. For each analpis a 10 g aliquot 
was taken by the cone and quarter technique. 
The measured density of the screened and dried 
surface soils averaged about 1.0 g/crnz, the 
approximate density of the top 1 crn depth of 
soils. Thus a radioactivity concentration o f  
1 dpm/g in surface soils (Tables 1 and 2) corre- 
sponds to -1 dpm/cm2 (quivalent to 4.5 
mCi/km2) in the 1 cm depth surface layer. 
To test the adequacy of procedures for the 

extraction o f  msPu and 9OSr from soils, a number 
of samples were recxtracted and yielded neg- 
ligible additional B9Pu and Replicate 
analyses of a number of soil samples were 
made and all showed good agreement within 
twice the standard deviation except for samples 
at sites B and C, included in Table 2.  The lack 

Tablr I. Plutonium-239 a d  %r fallout from nuciear tests in su.facc s o h ,  Colorodo Earton SrOpc areas* 

Location 
239Pu 90Sr 

Lowland 
Loveland 
Loveland 
Loveland 
Loveland 
Brighton 
Cripple Creek 
Cripple Creek 
Cripple Creek 

0.047 f 0.013 1.05 0.02 
0.056 & 0.025 1.01 i 0.03 
0.015 & 0.008 1.09 f 0.02 
0.026 & 0.006 1.23 i. 0.02 
0.043 -L 0.005 1.00 * 0.01 
0.093 ,I 0.009 5.13 & 0.04 
0.140 5 0.027 3.01 10 .07  
0.052 5 0.012 1.10 * 0.02 
0.117 5 0.015 3.76 p 0.03 

Weighted average? 

~~~~ 

=9Ftl/9os t 
(activity ratio) 

0.044 & 0.012 
0.055 & 0.025 
0.031 f 0.007 
0.021 * 0.005 
0.043 c_ 0.005 
0.018 t, 0.002 
0.047 + 0.009 
0.047 & 0.01 1 
0.031 I 0.004 
0.034 ,L 0.005 

* Soil samples, 0-1.0 cm depth and -1000 cm2 area collected September 1969-J;mrwry 1970 

Weighting is inversely proportional to the per cent error represented by one standard 
. (Errors tabulated represent one standard deviation). 

deviation. 
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A 
B 
B 
C 
C 
D 
E 
F 
G 
H 
I 
J 
R 
L 
A M  

N 
0 
P 
Q 
R 
S 
T 
U 
V 
IV 
x 
Y 
2, 

2 
Derby 
NE Denver 
Aurora 
E Denver 
SE Denver 
S W Denver 
Golden 

8/25/69 
8/25/69 
8/25/69 
8/25/69 
8/25/69 
9/18/69 
9/18/69 
9/18/69 
10/2/69 
10/2/69 
10/2/69 
10/2/69 
10/2/69 
IO/2/69 
10/2/69 
lO/2/69 

11/20/69 
11/20/69 
11/20/69 
11120/69 
11/20/69 
11/20/69 
11/20/69 
11/20/69 
1 I/20/69 
11/20/69 
11/20/69 
1/28/70 
1/28/70 

11/18/69 
1/28/70 

1/28/70 
1/28/70 

1 /28/70 

1/28/70 
1/28/70 
1/28/70 

Tablr 2. Plutonium-239 and 90Sr in surface soils in the Dencer area* - .. - 
Collection 3PPU 90Sr "9puiYo)sr 

(activity ratio) -_ Location t date (d!Jm/d @pm/d 
1.29 p 0.06 
2.33 & 0.11 
13.5 i 0.9 

0.092 5 0.018 

0.128 0.009 
0.057 I- 0.014 

0279 = 0.015 
0209 f 0.020 
0.314 i 0.022 
0.129 5 0.018 

1.72 5 0.08 
1-15 & 0.05 
0.881 ,L 0.044 
0.116 & 0.017 
0.370 i 0.030 

1.34 5 0.05 
0.068 5 0.011 
0.108 i 0.015 
0.020 I 0.007 
0.078 f 0.016 
0.102 & 0.011 
0.175 i 0.038 
0.320 & 0.012 
0.543 & 0.027 
0.033 0.009 
0.187 & 0.017 
0.420 2 0.025 
0.117 & 0.022 
0.239 5 0.041 
0.304 5 0.023 
0.052 & 0.009 
0,104 & 0.013 
0.055 2 0.016 
0.106 5 0.018 
0.091 c 0.014 
0.068 + 0.009 

1.13 + 0.03 
2.14 & 0.01 
1.59 & 0.02 
0.57 0.02 
0.72 f 0.05 
0.29 & 0.01 
4.08 & 0.08 
2.93 f 0.07 
5.58 f 0.10 
2.04 ,L 0.03 
0.45 f 0.02 
0.91 f 0.04 
1.75 i 0.03 
0.52 & 0.01 
1.31 f 0.03 
2.28 & 0.08 
1.96 i- 0.02 
1.41 & 0.02 
0.79 ,I 0.02 

0.61 f 0.M 

2.06 & 0.02 
1.80 k 0.02 
0.51 I 0.02 
2.38 & 0.04 
3.53 5 0.05 
2.79 I 0.03 
1.54 & 0.03 
4.84 5 0.10 
0.37 I 0.01 
1.07 & 0.03 
0.34 -I 0.02 
0.58 f 0.02 
1.25 i- 0.02 
1.15 I 0.03 

1.00 & 0.03 

- 

1.14 = 0.06 
1.08 5 0.05 
8.49 5 0.58 
0.16 5 0.03 

0.079 2 0.020 
0.44 & 0.03 

0.063 -L 0.004 
0.0713 = 0.007 
0.0563 5 0.004 
0.063 5 0.009 

3.8 -1 0.2 
1.3 & 0.1 

0.503 f 0.027 
0.22 I 0.03 

0.282 t 0.024 
0.588 0.030 
0.035 5 0.006 
0.077 f 0.011 
0.051 f 0.009 
0.078 5 0.016 
0.17 & 0.02 

0.16 & 0.01 
0.302 + 0.015 
0.065 & 0.018 
0.079 5 0.007 
0.1 19 & 0.007 
0.042 i 0.008 
0.155 & 0.027 
0.063 5 0.005 
0.14 & 0.02 

0.097 2 0.013 
0.16 & 0.05 
0.18 i 0.03 

0.073 f 0.011 
0.059 5 0.008 

- 

- 
0.088 2 0.012 

- 
. ,  - 0.95 0.02 0.093 & 0.013 

* Soil sampIa 0-1.0 CM depth and -1000 an* area (errors tabulated represent one stzndard deviation). 
t Soil sampling sites near the Rocky Rats plant 3re indicated by capital letters on the map, Fig. 1. 

of agreement o f  results for thcse two sites, which 
are near the contaminant source, are attributed 
to thc presence of reIativcIy Iargc Pu partides. 
The difference in results for two 10 g samples 
from site B is equivalent to the alpha activity 
of one 6 p diameter particie of '39Pu02. 

3. RESULTS AND DISCUSSION 
(a) Plutonium-239 and 9OSr in surjace soils 
Our initial assessment of the presence of 

='Pu contamination in offsite areas surrounding 

the Rocky Flats plutonium pIant involved tile 

collcction of surface soil samples o f  1 cm dcptl!. 
The samples were subjected to both 90Sr m u  
"'Pu assay in order to provide basis for dis- 
tinguishing between -2SPu from rhe Rock:- 
Flats plant and that from nucIex weaporis 
tests. The S3Puj90Sr activity ratio observed f k  
airborne debris fiom nuclear tests ranges fror:1 
0.01 6 to 0.041 .(15*16) The cumulative total ci 
23gPu and fallout from nuclear tests dc- 
posited in Derby, Colorado up to 1970 ij 

repor 
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reported(‘8.‘7’ to be 1.5 n C i  “’Pu/k& and 
63 mCi ’OSr/km2. This corresponds to a 
‘3’P~/’oSr activity ratio of 0.023 for the cumu- 
lative fallout (averaged over its full depth 
distribution) in the Denver area soils. However 
because Derby is only 17 miles east o f  Rocky 
Flats 2nd appears to have receiwd some 
“’”Pu kom the plant (Table 2 and discussion), 
0.023 perhaps should be considered an upper 
limit ior the cumulative fallout ratio. HARLEY“~) 
reported a 23’P~/90Sr production ratio o f  0.01 7 
for Xorthern Hemisphere fallout, corraponding 
to a ratio o f  0.023 for cumulative fallout in 
1971 after correction for 90Sr decay. The 
ssP~/90Sr activity ratios for the top 1 cm depth 
layer of soils in Colorado eastern slope areas at 
some distance from Rocky Flats, Table 1 ,  
range from 0.018 to 0.055 with a weighted 
average of 0.034 & 0.005. This average ratio 
o f  0.034 for surface soils is higher than the ratio 
0.023 for cumulative fallout. The difference 
may be explained either by the more rapid 
transport of water soluble to greater depths 
by the action o f  soil moisture than is the case 
for insoluble 2 3 ’ P ~  or by the presence o f  ‘3sPu 
from sources o f  different “’pu/90Sr ratio. 

Results for surface soils collected in ofGite 
areas around the plant at locations shown in 
Fig. 1 and elsewhere in the Denver area are 
listed in Table 2. The highest 23sPu concen- 
trations were observed in areas east o f  the plant 
(Tabie 2 and Fig. 1). 

The contribution o f  239Pu from Rocky Flats 
relative to that from nuclear tests can be esti- 
mated by dividing the 23sP~/90Sr ratios (last 
column, Table 2) by 0.034, the average 23sPu/ 

ratio for surface soils at more distant loca- 
tions (Table l ) ,  and subtracting l. Thus the 
Rocky Flats contribution ranges from 250 
times fallout at a distance o f  2 miles east o f  the 
plant (site B) to 10 times fallout in JVestminster, 
8 miles east of the plant (site U) and to several 
times fallout in the eastern suburbs o f  Denver 
(Table 2). These estimates apply only for the 
S9Pu present in the top 1 cm depth of undis- 
turbed soils. 

(b) Plictonium-239 cemu depth 

The depth distribution of 239Pu and 90Sr was 
determined in soil samples collected from se- 

lected sites in the contaminatcd xrca cut of thc 
Rocky Flats plant and the results are prcsented 
in Table 3. Profiles number 1, 2 and 6, TLble 
3, were coilected in undisturbed grassv areas 
and show that most of the “’Pu contamination 
from Rocky Flats is concentrated in a thin layer 
at the soil surfacc. On first coasidcratiori the 
data for these three undisturbed profiics s u g p t  
that YOSr is transported downward morc rapidly 
than 2agPu by the action of soil moisture and 
other weathering processes. However even the 
lowest soil horizons show 23”P~i/90Sr racios 
(Table 3, last column) which equal or cxcccd 
0.023, the ‘3’P~/’oSr ratio for cumulative fallout 
from nuclear tests. Thus we have no unequiv- 
ocal evidence that 90Sr is transported downward 
more rapidly than ‘39Pu in undisturbed soik in 
Colorado eastern slope areas. The concentra- 
tion o f  z3sPu at the soil surface in areas immed- 
iately east of Rocky Flats is attributed to the 
recent arrival of 239Pu contamination from the 
plant site (see below). 

KREY and HARDY~~?) report a Iarge fraction 
of the total 239Pu at greater soil depths. How- 
ever this observation appIics only for soil samples 
from locations some distance from the more 
heavily contaminated area east of the plant or 
for disturbed soils. 

Soil samples for profile number 3, Table 3, 
were collected on 20 November 1969 at a fence 
line in a roadside depression at site I. For this 
profile, the low surface concentration o f  239Pu 
compared to that of a surface sample collected 
at this site on 2 October 1969 (Table 2) as well 
as the irregular depth distribution of the “’Pu 
were, a t  first, difficult to explain. !$‘hen this 
site was revisited again in January 1970, i t  
was observed that more than 3 ft of dirt had 
accumulated in some sections of this roadside 
depression as a result of wind erosion of a large 
plowed area west of the site. It is evident that a 
depression such as site I is an area which accumu- 
lata windblown soil material and thus is a 
disturbed site, unsuitable for soil sampling. 

(c) OJsite contaminant origin 
I n  an attempt to date the period of‘ arrival 

of the offsite contamination and thereby estab- 
lish the source of the offsite 23’Pu, two soil 
profiles were collected on an earth dam between 
sites J and L, Fig. 1, and two others n a r b y  
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FIG. I. Dow Chemical Company Rocky Flats plutonium plant and surrounding arm. Capital 
letters indicatc soil sampling s i t a  (see Tabla 2 and 3 for "'Pu and 90Sr raults). 

(profiles 4-7, Table 3). The accumulation of construction o f  the earth dam was complcwci. 
2 3 9 P ~  on the earth dam (profiles i and 5, Table Thus the 1 I M a y  1969 fire at  rhe Rocky I-].?:.* 
3) amounts to only a few per cent of the total plant could not haye contributcd signifcm:;; 
"'Pu accumufated at nearby sites (profiles G to the offsite c o ~ i t ~ m ~ n ~ c i o n  in this arc.:. 
and 7,  Table 3). It is evident that most of the The z;3Pu on the earth dam providcs an indk..- 
offsite contamination east of the Rocky Flats tion of the amount accunlulated duc to 10,. ..! 
plant was deposited before April 1969 when redistribution of surfzce soil colltamination in 
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Table 3. Krticai profdrs of "9Pu and in soiis in the contnrninated mea cast of Rocky I Y l o k  

Profile Location* (date Depth 239pu !'OOSr "Spupsr 
XO. collected) (4 (dpmk) (dpm/g) (activity ratio) 

I J 04.3 
(12/17$59) 0.3-1.5 

1.3-2.5 
2 -5-5.0 
5.0-7.5 
7.5-10.0 

ii 0-0.3 
(12/17/69) 0.3-1.3 

1.3-2.5 
I 0-0.3 

(1 1/20/69) 0.3-0.7 
I .3-2.5 
5.0-7.5 

12.7-12.0 
4 Site No. I on Earth Damt 0-0.3 

between J and L con- 0.3-1.3 
structed in .March and April 1.3-2.5 
1969 2.5-5.0 

(2/10/70) 5.0-7.5 

( 2 1 ~ 7 0 )  0.3-1.3 

2.5-5.0 
5.0-7.5 

6 Area 600' from Earth Dam 0-0.3 

5 Site No. 2 on Earth Damt 0-0.3 

1.3-2.5 

7.5-10.0 

undisturbed at least 8 yr 0.3-1.3 
(2/10/70) 1.3-2.5 

2.5-5.0 
7.5-10.0 

7 Imgated pasture area 300' 0-0.3 
from Earth Dam last 0.3-1.3 
ploughed in 1966 or 1967 1.3-2.5 

(2/ 10/70) 2.5-5.0 
5.0-7.5 
7.5-10.0 

2.62 = 0.40 
1.73 = 0.09 

O.Oi0 5 0.01 I 
0.018 + 0.003 
0.020 i 0.006 
0.017 f 0.008 
5.02 & 0.17 
0.89 i 0.13 

0.121 & 0.030 
0.090 f 0.022 
0.049 j ,  0.010 
0.043 i 0.006 
0.078 & 0.019 
0.096 5 0.016 
0.050 f 0.013 
0.047 5 0.018 
0.046 2 0.005 
0.006 i 0.005 
0.009 = 0.005 
0.182 & 0.008 
0.029 c 0.007 
0.057 & 0.018 
0.014 & 0.004 
0.068 f 0.014 
0.010 f 0.005 
2.39 & 0.10 

0.512 -1 0.036 
0.048 t 0.006 
0.019 & 0.005 
0.004 & 0.004 

1.62 ,I 0.08 
0.82 2 0.04 
2.07 5 0.08 

0.159 I 0.027 
0.060 i 0.013 
0.107 L 0.007 

2.61 i 0.07 
2.67 f 0.06 
1.72 i 0.04 

0.39 5 0.02 
1.26 5 0.03 

0.13 f 0.01 
1.62 f 0.03 
1.28 f 0.04 
1.31 5 0.01 
0.77 & 0.01 
0.60 i 0.02 
0.56 f 0.02 
0.70 & 0.03 
0.58 2 0.01 
0.15 f 0.01 
0.23 i 0.02 
0.16 f 0.02 

0.33 & 0.02 
0.18 f 0.01 
0.08 f 0.01 
0.06 f 0.01 
0.13 & 0.02 
0.02 & 0.02 
2.08 f 0.03 
1.67 0.04 
1.13 f 0.03 
0.75 0.08 
0.34 f 0.02 
0.78 * 0.04 
0.52 5 0.02 
0.39 f 0.01 
0.71 & 0.02 
0.57 f 0.03 
0.54 &- 0.03 

1.78 2 0.16 
0.618 5 0.037 

0.014 = 0,004 
0.041 + 0.007 

0.051 5 0.016 
0.1s 5 0.06 
3.10 5 0.12 
0.70 5 0.10 

0.092 * 0.023 
0.12 & 0.03 

0.082 I 0.017 
0.078 I 0.01 1 
0.1 1 5 0.03 
0.17 5 0.03 
0.33 i 0.09 
0.20 f 0.08 
0.29 i: 0.05 

0.56 j, 0.04 
0.16 & 0.04 
0.7 i- 0.2 
0.2 & 0.1 

0.52 f 0.13 
0.5 f 0.6 

1.15 & 0.05 
0.307 f 0.023 
0.043 f 0.005 
0.025 & 0.007 
0.01 0.01 

2.1 f 0.2 
1.6 & 0.1 
5.3 -I: 0.2 

0.22 5 0.04 
0.1 1 f 0.03 
0.20 * 0.02 

* Loatioru indicated by capital letters are shown on the map, Fig. 1. 
t Surface sampla o f  0.3 cm depth from 3 other sites on the Earth Dam showed 0.076 j ,  0.013, 0.133 & 

0.016 and 0.080 * 0.008 dprn ?JsPu/g soil. 

the 10 month period behveen dam construction 
and sample collection. However because of 
the unusual configuration of the terrain at the 
dam site and the presence of  exposed subsoil 
immediately upwind, this apparent rate of 
redistribution may not represent that for more 
regular and undisturbed terrain. .- 

The very irregular depth distribution of W'Pu 
and in soil profile 7, Table 3, compared to 

their smooth trend in undisturbed soil profiles I 
and 6, Tzble 3,  may be due to the action o f  
irrigation as well as plowing. T h e  high Z3'Pu 
in this profile is confined to the upper 2.5 cm 
depth, indicating that most of the offsitc Pu 
contamination had accumulated at this location 
since it \vas plowed in 1966. Thus the 1957 fire 
did not contribute substantially to the more 
heavily contaminated area east of the plant. 

! 

'. . 
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T h e  period ofaccumulation of most of the offsite 
p3Pu contamination east of the plant, 1966 to 
April 1969, corresponds ciosely to the period the 
oil spill area contamination was exposed to the 
action o f  winds, between 1967 when the drums 
were reprocessed and July 1969 when the spill 
area was paved.'20) Thus it is concluded that 
Pu from the spill area was the main source of 
contamination in the contoured area, Fig. 2. 

(d) Pfufonium-239 in surface waters acd stdinunts 
Results of S 9 P u  measurements in local surfice 

waters and sediments are summarized in Table 
4. T h e  highest levels of W9Pu are observed in 
the pond at A (Fig. 1) and in Great Western 
Reservoir, part of the Broomfield water supply. 
Both are fed by IValnut Creek which receives 
liquid waste effluents from the Rocky Flats 
plant after they have passed through several 
liquid waste holding ponds on the plant site. 
T h e  results show that =$Pu is highly adsorbed 
on sediments and suggest that the in 
liquid eauents may be largely concentrated on 
sediments within thc holding ponds and along 
Walnut Creek and perhaps in the pond at A 
as well. Levels of  a39Pu in mud and silt o f  
Great Western Reservoir are comparable to 
=OPu in nearby surface soils (Table 2). Thus 

D9Pu already present in Great \Vestern Resf 7 -  

voir may be explained by airborne debris fir(,:? 
the spil  area rather than by accumulation (,; 

liquid wastes. 
L o d  surface waters all show 233Pu concentra- 

tions appreciably higher than that o f  Bot2 
Lake in Loveland, Colorado. However, resuiu 
for Boyd Lake, about 40 miles north of Rock! 
Flats, are not necessarily representative of 
zssPu levels from nuclear tests, The mwimun 
permissible concentration of  -Pu in water a?- 
plicable to exposure of the general public ii 

5 x IO-6 pCi/ml,(al corresponding to 11 x : ~ . 3  

dpm/l. Thus the observed range of conccn- 
trations of  ?39Pu in surface waters, Table 4, 
are well bdow the recommended standard. 
However because *"Pu is concentrated IJV 
adsorption on sediments, uptake of 233Pu in fish. 
plants, and other biological material merits. 
investigation. Algae taken from Great IVestern 
Reservoir contained 2.1 dpm s9Pu per gram oT 
dried algae (Table 5), a level appreciably higher 
than that of sediment samples from this re- 
servoir (Table 4). 

(e) Amnicium-241 contamination 
A full appreciation of the nature and signifi- 

cance of the alpha radioactivity contamination 

Tab& 4. Pluionium-239 in s+cc w a ~ r r ~  and scdimmts 

Collection P9PU in water ? 3 9 h  in sediments 
Sample location date (dpmP.1 t (dpmlg) t 

Pond A* ap5/69 - 4.82 0.21 
Pond A* 7/15/70 1.81 0.18 - 

Pond A* 8/25/69 0.432 & 0.030 6.99 & 0.30 
Pond A* 8/25/69 - 18.2 1.2 

Great Watcrn Reservoir* 10/2/69 0.214 1- 0.007 0.142 & 0.016 
Great Western Reservoir* 71 15/70 0.046 f 0.008 0.454 & 0.051 

0.109 & 0.009 Calkins Lake* 9/ 10/69 0.016 5 0.004 

Boulder Reservoir 911 1/69 0.016 = 0.016 0.015 2 0.004 
RaIston Reservoir* 91 18/69 0.025 20.004 - 

Dodd'r Lake 813 1/69 0.023 ;t 0.004 - 
(NE of Eouldcr) 9/I 1/69 0.099 f 0.014 - 

Tap water, 2/5/70 0.038 t: 0.005 - 

(NE of Couidcr) 

Boyd Lake 9/22/69 0.003 i 0.002 0.014 & 0.004 
(Laveland, CoIo.) 

Broomfield, Colo. : 
* Locations shown on map, Fig. 1 .  
t Erron tabulated represent one standard deviation. 
$ Broomfieid drara part of its water supply from Great Western Reservoir. 



FIG. 2. Plutonium-239 accumulation in soils surroundinq the Dow Chemical Company Rocky 
Flats piutonium plant. KXZY 3nd H . A R D v . ( ~ ~ )  I 
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TgbLc 5. .imericb.?;-74l and p9Pu in moironmmtc! san;?les 
----- ~ _ _ _ _ _ _ _  

Collection "'h 139pu ~ " : \ x n / ~ J ~ P u  

Soil, J IO,'? :69 0.50 & 0.04 7.75 f 0.95 0.04 0.01 
Soil, S 10,/2/69 0.13 & 0.02 0.90 5 0.05 0.14 & 0.02 
Soil, U 1 I /29,'63 0.030 4 0.013 0.39 f 0.05 0.051 & 0.015 

Sediment (Pond at .A) 3/23,+ii9 2.8 4 o.a 18.2 * 1.2 0.15 f 0.05 

Sedirnent (Great 1Vatr.m) 10/2(TO 0.07 k0.W 0.45 10.05 0.2 f 0.1 

(ac tiviry r-tio) Simple description* date (dpmid i (dpmld f 
Soil, E 9jlS.1'53 3.030 -1 0.013 0.246 f 0.021 0.12 & 0.07 

Soil, (surface Profile 6, 
0.17 0.03 Table 3) 21 1 Oi70 0.48 5 0.07 2.89 & 0.34 

Sediment (Great \t'estcrn) 10J2j69 0.06 f 0.03 0.19 6 0.03 0.3 f. 0.2 

Algae, gcnus Rhi:ocionium 

1Vater (Pond at A) 7/15/70 0.43 & 0.13f 1.81 +. 0.18S 0.24 1- 0.03 
(Great tt'estern) 10/2,VO 0.26 & 0.07 2.12 6 0.21 0.12 5 0.04 

* Locations shown in Fig. 1. 
f Errors ubulated repraent one standard deviation. 
$ Activity in dpm/l. 

weit o f  Denver requires the assessment of present 
and future levels of  2n.4.rn and its distribution 
in the environment. hericium-211 is an alpha 
emitting isotope of the man-made transuranium 
element, americium. T h e  presence of Z U - h  

in the Denver area contamination stems from its 
growth from ?llPu, present in the Rochy Flats 
plutonium mixture. O w ( 6 J  reports that most 
of the plutonium processed at Rocky Flats has 
an isotopic composition as follows: <I % 
=Pu, -93 % 239P~, -6 % 240P~y (1.0 % Zp1Pu 
and <O.I% '=PU. The 241Pu decays by @- 
emission with a half-life of  13 yr. The Z a l . k ,  
which emits 3.5 MeV ct particles with a half- 
life o f  460yr, will attain its maximum radio- 
activity contribution when the Za1Pu is sub- 
stantially depleted by radioactive decay, about 
iO-8Oyr after chemical purification of  the 
plutonium mixture. At  that time the * U . h  
alpha activity which would correspond to an 
initial ZuPu abundance o f  1.0% would add 
another 54% to the total a activity of Pu. For 
lower "Pu abundances the 241Am would be 
correspondingly lower. However these estimates 
do not include the contribution o f  independent 
releases of 2al.qm in liquid and airborne eWuent 
Ivhich may result from the processing of chemi- 
cally separated "1.h-n at the Rocky Flats 
plant.(Gj 

measurements 
of environmcntal samples from the contami- 
nated area east of Rocky Flats are summarized 

Our results for 241.4m and 

in Table 5. Our separation procedure for A m  
gave low recovery yields, which, coupled with 
the low total sample activities, resulted in large 
errors for some of the 2QAm results. The results 
(Table 5) show that present levels of =nAm 
range between 3 and 30 % of the S9Pu activity. 
The variable concentration ratios are not in- 
consistent with 241Am growth in Pu contam- 
inant mixtures of various ages (times since Pu 
purification within the 20yr period of Rocky 
Flats plant operation) and with various znPu 
parent abundances, less than 1 %  of the Pu 
isotope mixture. It also is possible that differ- 
ences in the chemical properties of  2 4 1 . h  and 
D9Pu give rise to their fractionation orseparation 
by action of physical, chemical, and biological 
processes in the environment. Thus as the offsite 
contamination continues to age and the 3aAm 
increases due to 211Pu decay, the 2U.4rn activity 
may approach or even exceed the 239Pu activity 
of some environmental materiais. For this 
reason it is important to carry out 2 S l - h  as well 
as "'Pu measurements in environmental sur- 
veys in the future in order to assess the full 
extent of *".Am growth as well as to evaluate 
weathering and fractionation processes. 

(A Pluloniwn-239 dutribution 
Results of an independent study o f  the S'Pu 

and 90Sr in soils surrounding the Rocky Flats 
plant, reported by WY and H X R D Y ( ~ ~ J ~ )  
provide added information on the contaminant 
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distribution. Krey and Hardy collected soil 
samples to a depth of 20 cm and thus their 
results should represent the total cumulative 
deposition, or nearly so. Their results for the 
239Pu distribution in the more heavily contam- 
inated areas east of the plant are summarized 
in the contour map, Fig. 2. Based on soil meas- 
urements at Derby, Colorado, fallout from 
nudear tests has contributed about 1.5 mCi 
s9Pu/km2 in this area. Thus the Rocky Flats 
plant contribution to the total 239Pu contamina- 
tion, Fig. 2,  ranges from about 1300 times fdlout 
a t  the east edge of the plant (the 2000 mCi/km2 
contour) to about equal that o f  fallout at the 
3 mCi/km2 contour. Our depth distribution of 
23sPu for undisturbed soils (profiles 1, 2, 6, 
Table 3) show that 23sPu contamination from 
the plant is largely confined to the upper 1 or 2 
cm depth within the contoured area, Fig. 2. 
When the depth distribution o f  the 23sPu and 
the location of each soil sample is considered, 
our results, Table 2, and those of KREY and 
HARDY,(".'~) Fig. 2, show reasonably good 
agreement. 

KREY and HARDY(~~) estimate that the total 
23sPu from Rocky Flats plant in offsite a r e s  
within the 3 mCi/km2 contour, Fig. 2, amounts 
to 2.6 Ci. Based on the SsPu and soil 
data(l7.l8) and taking 0.023 as the 239Pu/soSr 
activity ratio for cumulative fallout, we estimate 
an additional 4.0 Ci of p9Pu from Rocky Flats 
beyond the 3 mCi/km2 contour out to 64 k m  
distance in the northeast quadrant alone. On 
the same basis, the HASL r e s ~ l t s ( ~ ~ * ~ ~ )  for soils 
from Loveland, PlattviiIe and LaSdIe, Colorado 
(sites 48-65 km north and northeast of Rocky 
Flats) exhibit an average of 1.25 mCi 23sPu/km2 
attributable to Rocky Flats. The latter result 
indicates an appreciable contribution of 23sPu 
from the plant at and beyond 64 km distance 
to the northeast. 

__c 

There are too few soil data to allow estimation 
of the amounts of ?39Pu contamination from the 
plant outside the 3 mCi/km2 contour in the 
southeast, southwest and northwest directions. 
Winds during the 1 1  September 1957 and 
1 1  May 1969 fires would have carricd the 
effluent Pu to the southeast 2nd southwest, 
respectively. Thus the assessment of the total 
offsite 239Pu contamination is very incomplete. 

- *  f 
!!I 5 :I 
hl 

4. COSCLUDISG REMARKS 

O n  the basis of the results presented in :;.:, 
paper it is concluded that most o f  the '3 ' .1~.  

contamination in the contaminated offsite X ,  .. 
east of the Rocky Flats piant was deposlil d 
in the period 1966-1969, indicating that tflf: 
S'Pu contaminated oil spill area on the p i ~ ~ i :  
site must be the main source. It also is clear [!I..; 
in undisturbed soils within the contaminnt&d 
area most of the several curies of 23sPu presenL I S  

concentrated in a shallow layer at the soil surfacc. 
The offsite resulted from the wind rr- 
entrainment of '3sPu on the ground surface in 

the spill area on the plant sire. The  BsPu on 
soil surfaces in both onsite and offsite areas I\ 

subject to further redistribution by the action o: 
winds. The possible significance of the offsiic 
psPu contamination stems mainly from the 
inhalation exposures which occurred during 11, 

initial transport to offsite areas plus the addcd 
exposures resulting from subsequent rauspcxl- 
sion of the deposited ='Pu by the further action 
of winds as well as by vehicular traffic and othcr 
activity. To the radiation dose from inhald 
=Pu must be added that contributed by ='Am. 
ultimately an additional 25-50 %. 

That inhalation exposures incurred during 
the period in which the offsite 219Pu contaminz- 
tion was accumulating may have been significant 
is indicated by approximate dose commitment 
estimates. SHLEIEX"~' estimated a 50yr dosc 
commitment of 160 mrcm to the respiratoi 
lymph nodes of people due to fallout ?3'l'~i 

inhalation between May 1965 and bfarcli 
1969. Over the full period of over 20 yr for all 
nudear testing the corresponding 50 yr dosc 
commitment would be about 10 times greatc: 
and therefore in excess of 1 rem. Within t1:c 
contoured area, Fig. 2, where the =*Pu con- 
taminant from Rocky Rats ranges from 2 i~ 

hundreds of times the total falIout 23qI'd 

accumulation, the dose commitment would br 
correspondingly higher. Such an estimate asst:- 
mes that the same proportion of "-'PU partick> 
from Rocky Flats and from fallout are o f  resp:: - 
able size. ,\lthough particles released by 1':l 

fires are known to be of respirable size,('' ti.1. 

sizc distribution ofthe airborne '3gPu transportui 
from the spill area is not known. 

commitments resulting from the disturbmcc P I  
The addcd inhalation exposures and 
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contarninntion on soil surfaces are difficult to 
xsess. That wind reentrainment of surface 
deposits takes place in the Rocky Flats area is 
amply illustrated by the f x t  that -"'Pu depos- 
ited on the ground in the oil spill area on the 
plant site accounts for most of the offsite 
contamination east of the plant. The pliy-sical 
prorcsses involved in the rrsuspensior. of depos- 
ited particla are described by B A G S O L D . ( ~ ~ )  
The  erosion of soil surfzices and the resuspension 
of Pu particks can proceed effectively by the 
action of  strong, gusty winds on dry, sparsely 
vegetated surfaces-conditions which are com- 
monplace at Rocky Flats and its environs. 
Because most of the offsite Pu contaminant east 
o f  the Rocky Flats is concentrated at the soil 
surface it can be subjected to the wind reentrain- 
ment process repeatedly until it is extensively 
weathered or plowed. Contaminant deposited 
on paved surfaces and e!sewhere in urbanareas is 
more readily disturbed and resuspended by 
vehicular traffic and human activity. An 
understanding of  these processes and of the 
inhalation exposures resulting from them is 
needed to assess the significance of l S P u  
deposited on soils and other surfaces. 

The  distribution and origin of "9Pu in soils at 
greater distances from the Rocky Flats plant 
merits further investigation. Because effluent 
from the 1957 aad 1969 fires would have been 
carried to the southeast and the southwest 
respectively, the distribution of 239Pu in soils 
out to greater distances in these F.VO quadrants 
is needed to assess the total offsite '=Pu and the 
possible presence of areas of appreciable ='Pu 
contamination. I n  addition, the presence of 
-1.25 mCi '3sPu/km2 attributable to Rocky 
Flats at distances 48-65 miles north and north- 
east o f  the plant require further investigation 
and explanation. Plutonium-239 from the oil 
spill area would be disturbed only by strong, 
gusty winds and carried eastward, conforming to 
the pattern or offsite contamination, Fig. 2. If 
the presence ofcurie quantities of ssPu at appre- 
ciable distances to the north and northeast were 
to be explained by the accumulation of normal 
stack effluent from the plant, then the total of 
such effluents would exceed the reported total 
o f  0.035 Ci"" by more than two orders of 
magnitude. 

No reliable estimate can be made of the 

nll 

'I 

-9 

-"'Pu lun: burdens acquired during thc period 
of offsite '19Pu accumulation or duc to its sub- 
sequent reentrainment In  addition, wen i f  the 
lung burdens were known, die cancer risk 
applicable to a given number and size of 23'Pu 
particles in rhc  lung and lymph nodes is highly 
uncertain. For discussion of  this complex prob- 
lem ( d ~ c ! ~  includcs the possibility (hat the 
present permissible lung burden, 0.016 pCi of 
"'Pu, involves a high risk) thc reader is referred 
to several recent  article^.^^*^-^^*^^) In view of the 
possibly significant inhalation txposures to 
people working in and downwind of  the spill 
area or living in areas east of thc plant, a medical 
folIow-up of the exposed groups, to assess Pu 
lung burdens and their consequences, would 
appear to be in order. Occupational groups 
with potentially high exposures include those 
who worked in the oil spill area, handling and 
reprocessing oil drums and those who were 
involved in paving the spill area. We recom- 
mend that the 23sPu lung and lymph node 
burdens of domestic animals that have l ived 
within the 10mCi/b*  contour area, Fig. 2, 
since 1966 be measured. Results of such 
measurements would provide a qualitative 
index for the inhalation exposures o f  the raidents 
o f  this area. 
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t.:ncrgy Abundance Isotope Radiation 

5.495 MCV ?!% 

5.352 M e V  0.09% 
28% 

0.13/a decay 

U P u If. 
a 5.452 Mev 
a 

L x-ray 17 kcv avg 
t .  4.5 kev 3.4 W / u  decay 

T 

I I I 
Rndiologie half-life 89.6 yr 
Spontaneous fission half-life ,_. 3.8 x 10" yr 
SpeciCc activity 16.8 c/g 

Specific epontantoue t s i o n  rate 1140 f/g/sec 
First daughter +act - IJ1* (not important to health physics considerations) 

Some small amount of hard y associated with fission. 
e .  

I Energy Abundance Isotope Radiation . -,. 
I 

725% 
PUIJ' . 1- I 5.134Mev 16.8% 

10.7% 

a .  5.147 MCV . 
- a  

- - ...-,, 1 

a 5.096 Mev 

i I .:- 1 17 Lev ava I Lx-my -- . 

I " I  )"ray 384 kev 1.5 x lO*/u decay I I 
Radiologic half-life . 24.400 yc 
Spontaneous fisaion half-life -1 5.5 x lou yr 
Specific activity ', 0.062 c/g 
Specific spontaneous fission rate : 0.02 f/$sec 

First daughter product - u*" (not * *  important to health physics coasidetations) 

! 



L) 

4.898 Mev 
4.858 Mev 

.4 

L RFP-7 9 5 

. -  
76% 
24% . 

: +  

. .  . - . -  
- ,  _ .  

. . .  . . ,_ , . I .  . .  . .. . .  

* 
i -' 

2 

Radiatioa . 

. I  \ .  

aercqy Abundant c: 

5.162 Mbrv 76% 
5.118 Msv 24% 
17 kev avg O.l(a dectiy 

104[a decnv 44 kcv 

I 1 
Radiologic haif-life 6600 vr i .  . .  
Spontaneous fission half-life 1.2 x.101' yr . 
Specific activity 0.227 c/g 
Specific spontaneous tissioa rate 
First daughter product - U'" (not importaut to health' physics considerations) 

Some malt amount of hard y associated with tisaion. 

4.60 f/g/aec 

.. 

. ... 

Isotope Radiation Energy . - Abundance 

21 kav in& 99+% 
,,4.9 Met . ' 4 x lo-k.. 

::. Po=' 
a .* 

U S  kav 2 x 104/a decay 
. . ,  , 

. rv.; . 
. .  

i _ .  . .  -. . 
. - .  . .  .I - 

. .  
- * e  

. *  . .  ... 

. .  . .  
. -- 1 . , 

. ... . . 
. -  . .  

. .: . * '  

.. . .. . 

[sotope Radiatina. 

a 

I 1 
1 

c 

3.8 x 10' yr Radiologic half-liie -2 

Spontaneous fission half-life 
Specific activity 

7 x 10'O yr 
3.91 x lo-' c/g 

Specific spontaneous fission rate 
First daughter product - U"' (not imporant to health physics cannidemtionr) 

2760 V g / s e c  

I 



. .  .. . .  

I .  

- 

- 
a s.xa M ~ V  

a othere 
L x-ray 17 kcv avg 

26 kev 
43 kev 
60 kev 
90 kev 

F a y  
)"cay 
F a y  

I 

i I 

. .  v 

1 .  

-. . .  

Abundance 

85% 
12.6% 
1.7% 
<I% 

3.7 2: 1O"/a dccay 
-- 2.7 x LO-'/a decay 

6 x 1Oa/a decay 
3.7 x 1O"/rr decay 
2 ;  x 10-'/a dcray 

I 
Am'" 5.477 Mev a 

n 

evrnax ' 

.*. i 1 . .. 

Abundance 1 

26% 
3.6 x 10afa decay 
2 3  x IO-'/a decay 
3.6 x IO-'/a decay 
2.4 x 10a/a decay 
8.6 x 10a/a decay 
1.6 x 10a/a decay - . .  

Radiologic half-life . _  ; 6.7 days 

First  daughter product - NpmT (not important for health physics conaiderations 

Specific activity .-- . .  8.2 io4 c;g 

of F'u" chain) 

. .  

CHANGING ACTIVITY M A MIXWRE OF 
Pu ISOTOPES 

The decay of Pn"' to Am"' and Ua" has a decided influence 
on the overal l  x- and pactivity of a mixtaro of pluinium 
isotopes and to ti lesser extent an influence on the U specific 
activity of the mixture. This  influence can bc predicted if 
the plutonium isotopic analysis of the mixtarc i e  known and 
the existing amount of U"' and AmM' is known. The actual 
abundances of x- and y-rays for a mixture consisting of  
94-52 Pu"', 5% Pu'" and 0.5% Pu"' with respect to time 
~ t e  d o w n  in 1 and 3. Values for other isotopic 

GAMMA M)SE RATES FROM "SEMI-INFINITE" 
THICK PURE MET:\I, SLABS 

1. PU1" 

L x-cay surf8ce dose rate 

45kev y ntuface dose rate 

2. PUZJV 

L x-ray nurface dose rHte 

980 Rad!' 

!! Rad." 



-L+ki*v YCfty surface dose ratt 

Hard p r a y  associated with fission - surface dose rate 

' 8 mradr'hr of Pu'". obtain the surC.icc dovc rate f:ic!or !toc*i k'ipurc. ! ' I  

and multiply. by the oppropriatc time iuctor from F i W -  3 
(time < 35 days, however, from the pracc iral atandpain: i 
35 < t < 1 year, the vulue from Figure 10 may be used wilh- 

out a time factor, for t > 1 ycuc, this vniue 'should be multi- 
plied by 

- 
L, - 6 0.062 Rad/hr 

.- 

4. Pu"' + daaghters (Am"' end l ! ' 7  

Sirface dose rate from L x-rays from Am"* growth: 

t < 2 years 

230 (4.64 Y lo4 t) Rad/hr t in days 

For all t . .  

a ~3.33 (e-1.5x10'Jt - e-5.24x104t)l ~ . d / b ~  

t in ycan  .. 

Surface dose rate from p a p  from Am'" growth: 

t < 2 years 

0.693 t -- 
e 13.2 

with t in  years).. n c  five values may be nddcd to estimate 
the gamnm surface dose rnte from the mixture. 

. .  
1 .  

' NElJTRON RADLATION FROM PU I 

! 

n e  neutron radiation vnlue ( n p )  horn pure plutonium nietut 
depends primarily oa the spontaneous ficlsion rater of the 
isotopes which make up the mixture. Specific nrutmn yields 
ere aa follone: 

p + + y  -' 
WU 3420 neutrms/g/sac @ ' I d  

. Pu'" Negligible 5 < ;IC0 9- 
. PP IF neutrmr/p;l'sec *i Lr At---&' 

Pu"' 2580 noutrons/g/nec 

221 (4.64 x lo-' t) Rad/hr t in days The n p  MIUC for the plutonium mixtures common to Rocky 
Rata operations ia, for practical purposes, dependent on 
the Pu"' content only. Figure II is a plot of ngs versus 
percent Pu? in the mixture. 

The neutron dose rate at tbe surface of a Fu sphere can be 
shown to be 'ins wherc (L is the radius of the sphere and n 
L the number of neutmnn emitted per unit.volume. Fer 
hesion neutrons, I n/cm'!aec = O.1l.S mnm/hr. 

For all t 

- .  221 l3.33 (e-lSxlO1 - eG.24~10*)1 ~ a d / h r  

i 
. t in 

Surface dose rate from p a y s  from UZn v t h :  

f 

may riso be prodocedby tB 
and certain hat apc~c i  ut 

pounh. Observed neutron yields tram potoai- 
alpha particles bombarding thick targcts arc shown in 
Table I. YieIds born plutonium dpha partick nray vi iy 
slightly from these, e.R.. Rocky nuts  has obscrved about 
6 n/10' a for PuF,. 4s a rule of thumb, PuF, consisting nf 
94.5% P u q ,  5% Pu"" and 0.5% Pu'" yield.. Nbout 1.5 x 10' 
n/eec/kg (wt. is of Pu). Tbe increasing a activity w i t h  an 
increasing petcentqp of ~ u m  reeults in water  neuwon 
yields. This is shown in F i w e  12. 1ncma-d nentmn 
yield because of Am"' growth is negligible up to several 
years after purification. For the above-mentioned mixture. . 
there would be about a 2!4% increase at 4 years after 
purification. 

For t > 40 daya 

8.693 t - 
24 e Rad/hr t io days 

Each 0: the above radiation I e ~ l s  is ~ O I U  a Job of metal of 
a single, initially pure isotope of Pu. Therefore, the V ~ ~ O C S  

for a mixture must be weighted according to the isotopic 
make-up of the mixtwc- Figures 4 thmugh 10 may be used 
for making a quick estimate of the surface dose rate from a 
slab of pliitoaium metal if the isotopic make-op and age 
since purification are known. Values for the contributions c 

to the surface dose rate from PuJJI, Pu'" and Pu"" may be 
taken directly from Figures 4, 5, and 6, respectively. To 
obtain the contribution from the Am',' daughter of Pu"'. 
obtain the surface dose rate factor from Figurt 8 and multi- 
ply by the appropriate time factor from Figure 7 (time < 2 
years). To obtain the contribution from the U"' daughter 

n 
THE GROWIIi OF /%MEKICTWV~ FRO31 Pu'" 

For different applictitious it muy be convenient to cxprcy- 
the growth of Am"' from Pu'" in  diffcrcnt tv0y.c. ' IX~C 
methods which  urc commonly used ucc showlt i n  F i p r c  1'; 

4 
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c TARLE I 

- XEUTRON YIELDS FROU POLONfCiXi a PARTICLES 
, Oh: THICK TARGETS' 

Observed Seutran Yield/lO' u 

, Roberts Roberts Breen and Hertz. 
Target (observed) (corrected) (actual SOWCCS) 

Li,CO, 0.66 
Li 2.6 1.0 
Be 72 a0 59 . 
B 31 24 15 
C 0.09 . 0.11 
s, 0.01 0.01 
0, 0.061 0.07 

7.5 CF, 
CaF, 5.0 
F, 

. 1.5 Sa 1.3 
Mg 1.2 1.4 
A1 0.64 0.14 . 0.53 
Si 0.15 0.16 

0.04 
0.11 

H&* 
c1, 

0.38 A 0.30 

2.8 

f. 1 
0.80 

12 

! 
; ? 

?&rioa, 1. B.. and Fowler. J. L., Editorw, Fast Newon PJhpicr .  
Chapcar I A. krtcrneicnce Publiahus, Inc.. Nmr Yo&. 196Q 

* 

. .  

7 1  

* 
as curie0 of A d g  of Pau' with respect to time: grams of . 
Am"'/g of Pus" with respect to time; and ppm of Am*' ia a 
Pu mixtlnr with respect to time. In the Iast case) 1% Pd" 
is assumed to be in h e  mixtun. The plot also aauumeo '. 

)rears yieltly the ppm qrowth o f  Am"' lot e n A t u r p  ttbotnin- 

in& 1% Pu"'. Vaiue~ for othcr initial pcrrcntngen of I'u-' 
would be in direct pmportioa to the vulues on 6 4  q r 9 h .  

Of interest also iR the dtcrcnaing pcrccntrtgo of hw' with 
time. Assuming unity at tinie.0, E'ipurs 14 in n plot of the 
portion of Pu"' remaininK a3 time increases. 

FISSION PRODUCT IMPURITIES ASSOCIATED 
WITH f n  OPEHATIOSS 

Traces of RU'''-R~'~' arc sometimcs found ns impwitice in 
Pu. The effective half-life for these isotopes ia about 4O 
dnya. Gamma energies averogc about 500 kev. Found more 
conmanly are the impurities Zr"-Nb". Both %re' p 3  Nb*' 
contribute gammas of average energy 750 Lev. Zr" decays 
into Nb" with a 6.Sday half-life and Nb" in turn decays to 

stable Mo" with a S d a y  half-hie. The combined activity 
changing with time, therefore, cannot be reprewntad by.a  
simple exponential. Figure 15 ehowe this mlationnhip . 

assuming the original activity of Nb" is 0. The equation 
of this plot ie 

0.693~ ' 0.693t -- 0.693t 
-65,, 35 ) 

-- 
A l e  ' 5  + ~ ( e  

with C. in daya 

WELDING DATA FOR MATERIAU C O W N  
To Pn AND Am'*' OPERA'I'IONS 

/ 

Table  II Ii& the percent transmission through materials 
that at 0 time, the mixtnm is void of Amn*. For a quick , 
calculation the pmduct 1 44t where t is  in days a d  < 2 - 

common to glovebox construction for the VatiOUS y energies 
usually encoantared. . 

. .  
. . .  . . .  

-.. . - . ,  

, . .. 
. - -  

I 

PERCENT TRANSMISSION OF CAMMAS THROUGH SEVERAL MATERIALS 

0.0 17 
0.060 
0.100 
0.200 
0.380 
0.510 
0.750 
1-27 
5. i 

1 0 1.3 0.0 13 40 15 0.0 0 
45 1.5 0.0 . 75 55 42 32 81 ' 68 0.0 0 85 <: 

78 29 5.4 0.0 84 70 5F) 49 82 71 35.0 10.0 1.0 45 20 ' 3.' 
96 82 33 14.0 5.4 2.2 88 76 67 60 87 76 47.0 25.0 5.0 82 67.. 45.; 

96 69 47.0 32.0 21.0 90 84 75 68 90 86 70.0 .%.O 30.0 82 68 .17.r 99 
-100 97 75 60.0 4s 3s 
-100 98 81 66 52 a 94 a7 a0 75 ,,- 90 a6 850 78.0 tiz.0. .as 1 4  ~ d .  
-100 -100 87 '74 61 52 88 . 85 72 90 79 61.' 
-100 -100 90 80 73 64 92 ' 87 76 90 ru). 6.1. 

80.0 70.0 Fi0.0 

k .  
33-C.q~ glove, -0.54 rnm i'b equulralsnc 

-0.20 mm ?b equivalent iG-Gaqe y:ovcs 

\loultbrop, H. b. Dnca on G ~ Y K I  ShdrldrnK of Sorctal Pfurontum . % d e s .  Z Plant Radiatlom %al?r. 
:nte&n Report 30. i - P a n  11. HW-61755. Part 2. October 22. 1959. 

e_- - ---- -- . .  
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